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ABSTRACT

Optical studies of wide bandgap photonic materials
by
Nikesh Maharjan

Advisor: Mim Lal Nakarmi
In this dissertation work, optical properties of wide bandgap materials such as hexagonal
Boron Nitride (h-BN) and Zinc Oxide (ZnO) have been studied. Deep UV photoluminescence
spectroscopy was employed to study the optical properties of bulk h-BN and powder crystals
using a laser of wavelength ∼ 200 nm, which is the fourth harmonic of Ti:Sapphire laser as
excitation source. The properties and chemical compositions of annealed and unannealed bulk
h-BN were investigated. The PL spectra from h-BN samples annealed at 900 ºC in ambient air,
had strong phonon assisted band edge emissions along with a sharp atomic-like emission line at
4.09 eV, and its phonon replicas at 3.89 and 3.69 eV. The sharp emission line and phonon replicas
were not observed in unannealed sample. The peak energy of the sharp emission line at 4.09 eV is
robust based on power and temperature dependent PL measurements. We found the optimized
condition of annealing to generate the 4.09 eV line is around 800-900 ºC for 1 hour. Comparative
chemical composition analysis of the residual impurities was carried out using X-ray
photoelectron spectroscopy (XPS) in order to identify the impurities related to the sharp
transition. They revealed N-C and B-C bonding related peaks in the high resolution XPS spectra

v
of samples that have strong 4.09 eV emission, indicating CB and CN are present in those samples.
Hence, carbon related defect could be responsible for this emission of 4.09 eV line. Our
experiment on XPS measurement after sputtering the sample also showed the defect related to
localized states could be residing on the surface region. We also studied the optical properties of
h-BN crystal powders using the deep UV PL spectroscopy. We observed similar effect of
annealing on the PL emissions from the powder samples. In contrast, annealed powder samples
contain sharp atomic-like PL emission lines in the UV spectral region not only at 4.10 eV but
also, at 4.12 eV along with their longitudinal optical phonon replicas.
Mesoscopic Zinc oxide (ZnO) particles annealed at 650 ºC for 2 hours have been investigated
for optical properties using the third harmonic laser (∼ 260 nm) generated from a Ti: sapphire
laser for optical excitation. PL spectrum measured at low temperature has dominant emission
peak at around 3.308 eV due to the transitions of free electrons from conduction band to holes
bound to acceptor state (FA) along with longitudinal optical (LO) phonon replicas. It also revealed
excitonic emissions at 3.359 and 3.371 eV due to donor bound exciton (DºX) and free exciton (FX)
transitions respectively. From the excitation power dependent PL measurement at low temperature,
we observed a redshift of FX and DºX emission peaks showing bandgap renormalization. This
power dependent PL data shows consistency with Vashista and Kalia model. We also studied the
effect of lysozyme in the optical properties of ZnO nanoparticles. Using the third harmonic laser
as excitation source, we observed the band edge emissions at 3.318, 3.359, and 3.374 eV which
are related to FA, donor bound exciton (DºX) and free exciton (FX) in the low temperature PL
measurement. In addition, a dominant emission peak around 2.4 eV donor-acceptor-pair (DAP)
transition was confirmed. Based on these emissions peaks, energy level diagram was constructed.
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Chapter 1
Introduction
1.1

Wide bandgap semiconductors

Fundamental properties of semiconductors are determined from the crystal structure as well
as from energy bandgap. Direct bandgap semiconductors are important materials for photonic
applications. Direct bandgap semiconductors have been investigated to develop light emitting
diodes (LEDs), laser diodes and waveguides. Wide bandgap materials are normally referred to the
materials with energy bandgap (Eg ) greater than 2 eV. These materials have been used mostly in
high temperature and high power electronic devices [1].
Figure 1.1 shows the comparison between the bandgap and lattice constant of the two main
types of wide bandgap semiconductors, (1) Group III nitrides, and (2) Group II-VI along with
Silicon (Si), Gallium Arsenide (GaAs), Silicon Carbide (SiC) and Zinc Oxide (ZnO). Since the
realization of GaAs as substrate, the Group II-VI compound semiconductors were mostly investigated due to the same crystal structure and lattice matched with GaAs. In the late 1980s, they were
grown with less density defects. Zinc Selenide (ZnSe) was the important candidate for developing
1
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blue laser diodes during that time. The only difficulty was that they were grown at much lower
temperatures and crystals were more fragile. Also, the emissions were unstable due to their shorter
life times. On the other hand, GaN were grown at higher temperatures, so they could be annealed
and processed at elevated temperatures. They represent more stable and robust material compared
to Group II-VI semiconductors. So, the research was then shifted to GaN based devices. GaN ma-

Figure 1.1: Energy bandgap of compund semiconductors

terials have direct bandgap and are intrinsically stable which are crucial for light emission diodes
(LEDs) and lasers. Before the GaN light emitters were invented, there were only red, yellow and
less efficient green light emitters. The full colored (white) LEDs were invented with the newly
developed blue GaN light. As-grown GaN is n-type and high quality p-type GaN was grown for
making it possible to realize in LEDs was only in 1991. Also, InGaN double heterojunctions LEDs
and laser diodes were invented in 1990s. Alloys of GaN and aluminum nitride (AlN) or Indium
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Nitride (InN) has been found significant uses in light emitters covering from visible to deep-UV
range in electromagnetic spectrum.
GaN and the Silicon Carbide (SiC) have also become popular in power devices due to the high
power and high temperature efficient, and proficiency in operating in higher switching frequencies.
They are already in the commercial stage in a variety of electronic and optoelectronic devices such
as metal-oxide-semiconductor field-effect transistor (MOSFETS), Schottky-barrier diodes (SBDs),
hetero-bipolar transistors (HBTs), laser diodes, photodetectors, etc [2–6]. Issues related to growth
complexities and the lack of proper substrates for GaN impeded mass production.
Zinc oxide, on the other hand, could be an important material for applications in the ultraviolet
(UV) spectral region. It is II-VI group material and has a wide, direct energy bandgap of ∼3.37 eV
at room temperature. Due to its large exciton binding energy of 60 meV, the exciton survives even
at room temperature, so the emission related to this excitonic transition could have applications in
high efficient room temperature UV light generations. In addition, ZnO has high melting point and
high resistance to the radiation damage [7–9].
ZnO nanostructures have potential applications in the development of UV lasers and solar cells
[10, 11]. In order to realize ZnO based optical devices such as light emitting diodes, laser diodes
and photodetectors, both n-type and p-type conductive materials are required. As-grown ZnO
materials are normally n-type. Tremendous efforts have been made to produce p-type conductive
ZnO in the last decade [12–14]. Achieving stable p-type ZnO is still a challenge as the activation
energy of acceptors is large and the window of growth conditions is very narrow [7, 15–17]. Lots
of people are putting effort in synthesizing and understanding the properties of ZnO nanostructures
and microstructures [18–22]. Study of optical properties under large photo-excitation is important
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for lasing action by optical pumping. With the advances in producing materials, high quality ZnO
powders in the mesoscopic range are commercially available.
Understanding detailed optical properties of such mesoscopic ZnO powders is important for
its applications in optoelectronic devices. Research in ZnO has been attractive for most in the
semiconductor field due to its potential in blue and ultraviolet (UV) range optical devices. During
2000s, its research has a surge but then people are looking for various other oxide semiconductor
devices. One example of them is Gallium oxide (Ga2 O3 ), having bandgap ∼4.9 eV. It has electric
breakdown much higher than that of 4H-SiC (2.5 MV/cm) or GaN (3.3 MV/cm) [23, 24], which
makes this material as expected potential in deep UV and power devices.
For deep UV emitters and detectors operating in the spectral range of wavelength, λ < 300 nm,
materials with a bandgap wider than that of GaN are required. Currently, AlGaN alloys have been
widely used for development of deep UV LEDs [25]. AlN based LEDs emitting at 5.9 eV has also
been demonstrated but due to their low efficiency and high-density defects makes fast quenching
strongly limits the device performance [26, 27]. Hexagonal Boron nitride (h-BN) has recently
emerged as a newest material in III-nitrides group for optoelectronic applications [28, 29]. Also,
as compared to other Nitride compounds, it has many unique mechanical, optical and electronic
properties. An efficient h-BN based deep UV emitter in the 5.3-5.9 eV energy range has already
been obtained by using accelerated electrons as the pumping source [30].
While h-BN is in the early stage of material development, it has many interesting and multifaceted properties. In addition to the applications in deep UV photonics, it has been used as a substrate for graphene electronics [31, 32] because of its layered crystal structure similar to graphene.
It has been demonstrated in the applications in electron emitters and solid-state neutron detec-
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tors [33, 34]. Thus, h-BN has emerged as a technologically important material.
Defects or discorders in lattice of the materials have major role in their optical properties.
Highly localized electronic states due to point defects in wide bandgap materials, widely known
as color centers, undergo electronic transitions that produce very sharp atomic-like emissions.
Color centers hosted by wide bandgap materials have been widely studied for a potential source
of single photon emitter (SPE) which has applications in quantum information processing and
quantum sensing [35]. Nitrogen vacancy (NV) center in diamond is the most widely explored
color center [36]. Single photon emissions have been reported in the near-infrared and visible
regions from defect states of h-BN samples prepared from different methods [37–39]. It is the only
material that has exhibited the single photon emission in the UV spectral region at 4.1 eV [40].
Single photon emission from point defects at 4.09 eV, often known as 4.1 eV line, has also been
reported from h-BN from cathodoluminescence (CL) spectra by Bourrellier et al. [40]. Although
the 4.1 eV emission line was also observed from h-BN bulk crystals, powders, and thin films the
source of the 4.1 eV emission and the chemical identification of the color center are still not well
understood [41–43].
This thesis is organized as follows. Chapter 2 focuses on the background on the luminescence
from semiconductor and their recombination dynamics. It presents a brief introduction of the structural properties of zinc oxide and boron nitride in their hexagonal phases. It also explains electronic
band structure calculations. The chapter concludes with the overview of physical parameters that
has been determined by research so far.
Chapter 3 explains the experimental techniques that are used for running experiments. In the
first section, I discuss the generation of pulsed laser of repetition rate of 76 MHz with pulse-width
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100 femtosecond in a deep UV photoluminescence system. In the second part, imaging techniques
such as focused ion beam scanning electron microscopy (FIB-SEM) and transmission electron
microscopy (TEM) are illustrated. I also explain the procedure in relation to their use in the planview and cross-section view lamella preparation for TEM imaging and diffraction pattern. Several
other experimental techniques are presented with their respective schematic diagrams.
In chapter 4, I discuss the characterization of h-BN and ZnO samples. In the first section, I
discuss the investigation on the emission spectrum from bulk h-BN flakes grown by Ni-Cr flux
method at Kansas State University in our collaborator’s lab. From the XPS analysis of these samples, I present the possible defects that are responsible for generating sharp emission peak at 4.1
eV. In the second section, structural and optical properties of Zinc oxide particles prepared by solgel method is presented. Finally, I show the band gap renormalization properties of the mesoscopic
zinc oxide particles from the analysis of luminescence spectra.
The last chapter gives the concluding remarks about the findings I gained during the experimental works and outlooks from my results.
During this dissertation work, I was heavily involved in setting up the deep UV photoluminescence system. I used this system for all PL measurements. For PL measurements of powder
sample, I designed a sample holder with fused silica window. I used XPS technique after I was
trained by Tai-de Li at CUNY ASRC. Also, I was trained and learnt FIB-SEM and TEM imaging
tools by Sheng Zhang at CUNY ASRC.

Chapter 2
Background and Literature reviews
This chapter presents a brief summary of introduction of luminescence properties of materials
and relevent processes in this phenomena. The other section of this chapter covers a short reviews
of Zinc oxide (ZnO) and hexagonal Boron nitride (h-BN) including its crystal structure, electronic
band structure, optical properties.

2.1

Recombination dynamics and luminescence in semiconductors

Energetic particles like photons incident on a semiconductor, interact with carriers and transfer
energy that could generate electrons and holes. Single photon absorption is the most common process in which photons with sufficient energies hν > Eg generates electron-hole pairs. As a result,
luminescence is produced from the sample depending on sample composition and electronic structure. The simplified picture of this process is shown in figure 2.1. It shows the band structure of the
typical semiconductor at close to the bandgap represented by two parabolic bands in the reciprocal
7

CHAPTER 2. BACKGROUND AND LITERATURE REVIEWS

8

space. During the optical excitation process, both the energy and momentum are conserved. For
energy conservation,
E f − Ei = hν

(2.1)

where, E f and Ei are the energies of final and initial states respectively. The emission process occurs with the relaxation of the charge-carriers towards the minimum of the bandgap. The electrons
and holes recombine with the emission of photons, so the process is referred as photoluminescence
when the carriers are excited by photons.

Figure 2.1: Absorption and(a)
radiative transitions

PL is observed in most of the direct bandgap materials but still their theoretical description is
a challenging task. The intrinsic or defect free materials face different interactions due to latticecarriers, as well as lattice vibrations, i.e. phonons in the many-body system. Even the real materials
constitute defects or disorders in the lattice and chemical compositions, so it is crucial to understand the influence of these extrinsic effects. Here, I will discuss mainly about point defects along
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Figure 2.2: Overview of point-defect types [44]
with impurity defects and their effects in the PL results. Several defects and disorder are possible
based on the crystal structure and the form of the material. An overview of typical point defects in
polar cubic lattice along with impurity defects are shown in figure 2.2. The simplest point defect is
lattice vacancy, which can be created by transferring an atom to lattice site on to the surface of the
crystal. Other types of point-defects include anti-sites, self-interstitials as illustrated in the figure
2.2. The bond lengths and angles will change due to charge-state transitions. Chemical impurities include external atoms incorporated during the growth process or doping. Mainly, cations or
anions chemical groups may substitute the host atoms. They may occupy different location in the
lattice sites as impurity-interstitial, anion-substitutional, or cation-substitutional. In addition, isovalent chemical species may be substituted as intrinsic impurity as shown in fig. A brief discussion
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of several types of defects are presented below based on the textbook [45].

Figure 2.3: Scheme of energy levels of point-defects [44]

Typical energy levels of the point-defects are shown in figure 2.3. Both intentional and unintentional donors and acceptors levels can give radiative transitions. Based on the position of
corresponding energies relative to band edge, they are divided into shallow and deep defects. Shallow defects are further classified into shallow donors and acceptors lying close to conduction and
valence bands respectively. These types of doping states could be in neutral or ionized states. For
donors, it is denoted by Do and D+ , and for acceptors, it is denoted by Ao and A− . In addition,
isovalent impurities could be within or below (above) the conduction (valance) bands. The energy
levels close to middle of the band gaps are referred as deep levels. They are also known as trapping
center and any native defects, such as, Vacancies, interstitial or substitutional impurity can give rise
to deep levels.
The spectrum of high defect density of a semiconductor on the emission spectra is highlighted
in the figure 2.4. The inset figure also includes the corresponding carrier dynamics. In pure semi-
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conductors, electrons and holes produced by the absorption of a photon can pair off to form free
excitons (FX) by Coulomb interactions. Recombination of the electron-hole pair results into narrow and sharp line in emission spectra. In direct bandgap semiconductors, the energy of the emitted
photon is,
hν = Eg − Eχb

(2.2)

where, Eχb is the binding energy of free exciton.

Figure 2.4: Typical PL spectrum [44]
In addition to FX transition, defects or impurities in semiconductors may introduce donor
and/or acceptors in the materials. The excitons formed from the electrons or holes due to the
donor/acceptors can couple to produce bound excitons. These excitons have sharp emission lines
at lower energy than that of free excitons. The photon emitted with this exciton recombination is,

hν = Eg − Eχb − Ei

(2.3)
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where, Eχb and Ei is the binding energy of free exciton and bound exciton respectively.
Depending on the occupancy of the shallow impurities, electrons in the donor level and the
acceptor level can recombine to generate emission called donor-acceptor pair (DAP) emission. In
general, it gives rather a broader peak as compared to bound exciton peaks in emission spectra.
The energy of the photon emitted from this recombination depends on the carrier binding energies
(ED and EA ) as well as Coulomb interaction between the donor and acceptor atoms,

hν = Eg − EA − ED +

e2
εR

(2.4)

where, EA , ED are acceptor and donor energy levels, ε is static dielectric constant and R is the
spatial distance between acceptor and donor.
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Hexagonal Boron Nitride (h-BN)

Several phases of Boron nitride exists in nature. Among them, the most stable form is h-BN.
It has lattice parameters a = 2.50 Å and c = 6.66 Å [46] and included in the space group P63 /mmc.
It consists of nitrogen (N) and boron (B) atoms with atomic orbitals in sp2 hybridized structure.
Due to different electronegativity of these atoms, the in-plane bonding is partially ionic showing
anisotropic behaviour. The honeycomb structures are stacked along the c- direction and they are
bonded by weak Van der Waals force as shown in figure 2.5.

Figure 2.5: Crystal structure of h-BN with layered hexagonal lattices [47]
It is sometimes called white graphene because it has honeycomb structure and lattice parameter
similar to graphene. In contrast to zero bandgap of graphene, it possesses ultrawide band gap ∼ 6
eV. Atomically thin sheets of h-BN can be exfoliated by mechanical methods. Quasi-2D nature of
h-BN structure leads to strong band-edge emissions and high exciton binding energy.
h-BN powder has been used for solid lubrication applications since long time [48]. Also, high
purity BN powder has been used in making lipstick, eyelid coloring, and skin care [49].
Table 2.1 shows some of the basic parameters of h-BN [50].
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Table 2.1: Physical parameters of h-BN
Physical parameters
ao (Å)
co (Å)
Interlayer spacing (Å)
Energy gap
Exciton Binding energy

Values
2.50
6.66
3.33
5.955 eV (I)
0.7 eV (bulk)
2.1 eV (monolayer)
Melting point (ºC)
2970
Material density (gcm−3 )
2.1
Theoretical hole effective mass (mo ) in-plane, out-of plane
0.5 (M Γ),
1.33 (M L)
Theoretical electron effective mass (mo ) in-plane, out-of plane
0.26 (M Γ),
2.21 (M L)
Dielectric constant (in-plane, out-of-plane)
6.85, 5.06
Breakdown field (MV/cm, out-of-plane, measured)
8
In-plane hole mobility at 300 K (cm2 V−1 s−1 )
35 (measured)
−1
−1
Thermal conductivity at 300 K (Wm K , in-plane)
500
−6
−1
Thermal expansion coefficient at 300 K (10 (ºC) ) (in-plane, out-of-plane) -2.7,38
Electrical resistivity of undoped epilayers (Ωcm, measured)
>1014
P-type resistivity of Mg doped epilayers at 300 K (Ωcm, Measured)
2-10
Elastic constant
220-510 Nm−1
Young’s modulus
270 Nm−1






2.2.1

Electronic band structure of h-BN

Several theoretical calculations of the h-BN had been performed since 1950s. Tight binding
theory [51] predicted a direct bandgap, while ab-initio Density functional theory (DFT) and Local
density approximation (LDA) [52] predicted the indirect bandgap of 5 eV. These models give
only the energies for fundamental states. In order to calculate for N body states, Green function
formalism was used, this approach is also known as GW approximation [53]. Arnaud et al. [54]
gave the most recent and accurate h-BN band structure using this calculation. Additionally, Wirtz
et al. [29] predicted an indirect bandgap of h-BN using customary Local density approximation
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(LDA) and exact-exchange potential (EXX).

Figure 2.6: (a) First Brillouin zone, and (b) Electronic band structure along high symmetry directions of h-BN [54]

Figure 2.6 (a) shows the 6-fold and high symmetry points of the hexagonal lattice in first
Brillouin zone (FBZ) of h-BN [54]. The top (and bottom) planes of the FBZ contain the points
at A, H and L which are similar to the plane containing Γ, K and M due to the high symmetry
structure and the weak interaction between the layers of h-BN structure. The calculated energy
band diagram of h-BN along high symmetry points is shown in figure 2.6 (a). h-BN has a unique
indirect bandgap close to 6 eV, with a valence band maximum at the neighborhood of the K point
and conduction band minimum at the M point of the first Brillouin zone as shown in figure 2.6 (b).
The first principles calculations using LDA and the self-energy corrected GW approximation are
shown in solid lines and the solid lines with open circles are displayed along high-symmetry lines.
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Figure 2.7: (a) Phonon band-structure along main symmetry directions [55], (b) Optical and acoustic phonon modes assignment in PL spectrum of h-BN [56]

2.2.2

Optical properties of h-BN

Several theoretical and experimental research works have demonstrated that the emission spectrum of h–BN is dominated by a 5.75 eV [28, 29] peak. Inspired by the demonstration of lasing
action at wavelength 215 nm by electron beam excitation from a bulk hexagonal boron nitride
(h-BN) crystal in 2004, it has attracted much interest for its potential applications in deep UV photonics [28]. Because of the lasing action, it was previously thought to be a direct bandgap material
although many theoretical analysis disagree [53, 54, 57–59].
In order to understand the laser like emissions in h-BN, Cassabois et al. [56], using the twophoton excitations demonstrated that the phonon-assisted recombination occurs in h-BN due to the
phonons with the wave-vector corresponding to Γ − T. Direct light emission is forbidden in h-BN
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due to its indirect bandgap and huge laser like emission is predicted to be due to phonon-assisted
luminescence. The optical response in h-BN resulted from the two π bands and two π ∗ bands. As
seen in the electronic band structure that valence band maximum is observed at the K point and
conduction band minimum at the M point of the first Brillouin zone. It is verified in the theoretical
calculations of the full excitonic dispersion, which shows that the phonons involve in the process
of emission are those compatible with momentum q = K - M vector. Figure 2.7 (a) shows the
calculated phonon disperson relations along the highly symmertic directions using the ab-initio
calculations and also shown the inelastic x-ray scattering measurements [55]. It also shows the
region compatible for emission indicated by two vertical green lines in figure 2.7 (a) along with
the phonon-assisted emission peaks in figure 2.7 (b). In the inset first Brillouin zone shows the
path along green line. The energy detuning with the indirect bandgap at 5.955 eV matched with
the corresponding phonon energy in the middle of the Brillouin zone for the ZA, TA, LA, TO and
LO modes respectively [56].
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Zinc Oxide (ZnO)

c = 5.2 Å

Zinc
atoms (Zn)

Oxygen
atoms (O)

a = 3.25 Å

Figure 2.8: Wurtzite crystal structure of ZnO. Reprinted from [60]
Several phase of Zinc Oxide exists in nature. Among these, wurtzite hexagonal structure is the
most stable phase [61]. It has a hexagonal structure with lattice parameters, a = 3.25 Å and c = 5.2
Å as shown in the fig 2.8 and it is included in space group P63 mc.

Figure 2.9: Schematic band structure and symmetries of ZnO. Reprinted from [21]
Numerous theoretical models such as Green’s functional method [62], Local Density Approx-

CHAPTER 2. BACKGROUND AND LITERATURE REVIEWS

19

imation (LDA) [63, 64], GW approximation (GWA) [65, 66] and First-principles (FP) [67–69] has
been used for the calculations of band structure of wurtzite ZnO structure. The global extrema of
the upmost Valance band (VB) and the lower most conduction band (CB) of this direct band gap
material lies at k = 0 (Γ-point). The lowest CB is formed from Zn++ 4s state whereas the VB
originates from the occupied O−− 2p states.The most accepted band structure and symmetries of
ZnO has shown in figure 2.9. The conduction band has Γ7 symmetry. The valance band is splitted
due to crystal field and spin-orbit interaction into three states as A, B and C with Γ7, Γ9 and Γ7
respectively.
Table 2.2 shows some of the basic parameters of ZnO [70].
Table 2.2: Physical parameters of ZnO
Physical parameters
ao (Å)
co (Å)
ao /co
Energy gap
Exciton Binding energy
Material density (gcm−3 )
Melting point (ºC)
Static dielectric constant
Thermal conductivity at 300 K (Wm−1 K−1 , in-plane)
Linear expansion coefficient at 300 K (10−6 (ºC)−1 ) (in-plane, out-of-plane)
Refractive index
Intrinsic carrier concentration (cm−3 )
Electron effective mass
Electron mobility at 300 K (cm2 V−1 s−1 )
Hole effective mass
Hole mobility at 300 K (cm2 V−1 s−1 )

Values
3.25
5.2
1.602
3.37 eV (D)
60 meV
5.606
1975
8.656
0.6,1-1.2
6.5, 3.0
2.008, 2.029
<106
0.24
200
0.59
5-50
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Optical properties of ZnO

Low temperature PL spectrum of bulk, n-doped ZnO is typically dominated by sharp lines
in UV emission band and a broad emission band in visible range as shown in figure 2.10. The
UV emission band are probably due to the donor bound or acceptor bound excitons. This broad
emission band between 2.90 and 1.77 eV observed in most ZnO samples is due to deep level
emissions (DLE). Several defects related to oxygen vacancy (VO ) [71], Zinc vacancy (VZn ) [72],
zinc interstitial (Zni ) [73], Oxygen antisite (OZn ) [74] and extrinsic impurities such as substitutional
Cu [75] has been predicted contributing to this emission band. However, recently the impurity band
centered at 2.40 eV are predicted to be due oxygen deficiency defects in the crystal structure such
as oxygen vacancy (VO ) [76]. The sharp lines at the band edge are originated from excitons bound
to neutral donors (DºX) and neutral acceptors (AºX) followed by longitudinal optical (LO) phonon
replicas. The LO phonon energy is predicted to be 72 meV. The free exciton related to A-valence
band emission is observed as close to 3.375 eV as shown in figure 2.10.

Figure 2.10: Low temperature PL spectrum from bulk ZnO [77]

Chapter 3
Experimental Techniques
Several experimental techniques were used in this dissertation work. The major one being
the photoluminescence (PL) spectroscopy. Other techniques include X-Ray Photoelectron Spectroscopy (XPS), X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), and Transmission Electron Microscopy (TEM). A brief discussion of various components of PL spectroscopy
along with the other techniques are given below:

3.1

Photoluminescence Spectroscopy

In photoluminescence, material is excited by photon (light) and the luminescence from the
material is collected with respect to wavelength (or frequency). It is a popular method to characterize wide variety of material parameters. PL spectra gives various information about the material
including electronic structure.
PL set up mainly consists of an excitation light source, temperature controlled cryostat with
sample holder, and a monochromator with a detector system. Our set up is a deep UV PL system,
21
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which is the modified version of the typical PL system with multiple excitation lasers icluding deep
UV laser of 6.25 eV (195 nm). The excitation are pulsed higher harmonics generated laser from
femtosecond Ti-sapphire laser.
Figure 3.1 shows the schematic diagram of a deep UV PL system used in this dissertation.
This system basically consists of a pumping solid-state laser with a femtosecond Ti: Sapphire laser
coupled with Third and Fourth harmonic generators for excitation light source. The luminescence
is then collected by combination of lenses (collimator). It is then directed onto the slit of a highresolution spectrometer.

Figure 3.1: Deep UV PL system.

As shown in figure 3.1, the luminescence is collected and focused onto the monochromator slit
by collimator. Both lenses of the collimator are plano convex lens. For SP 2750 monochromator,
acceptance pyramid (also described as aperture ratio (F/#)) is 9.8.
To match the F/# of the monochromator, the plano-convex lens with focal length 50 cm was
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used to focus luminescent beam into the monochromator. The sample should be oriented in such a
way that that the reflected beam from the sample should not go into the collecting lens. Polarization
and/or wavelength-selective filters are placed in front of the spectrometer according to experimental requirements. Additionally, the magnification of the image and the spectrometer slit-width are
chosen such that only the emission within the FWHM of the pump spot enters the detector.

Figure 3.2: Pumping Laser: Verdi V-10 [78]

Details about Ti: Sapphire laser and higher harmonic generators, sample stage and cryostat,
collimator, monochromator, detection and control system are given below:

Excitation light source
The excitation source is a pulsed Titanium-sapphire laser coupled with harmonic generators.
Ti:Sapphire (Mira-900F) laser is a tunable laser. We have a mode-locked Coherent Mira-900F as
shown in figure 3.4. In our case, they are pumped by high intense light, from a diode laser (Verdi10) as shown in figure 3.2. The pumping laser is a solid-state laser that consists of an intra-cavity
frequency-doubled Neodymium doped Yttrium Ortho-Vandate (Nd:YVO4) crystal. The typical
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(b)

Figure 3.3: Ti: Sapphire, (a) Energy level diagram, (b) Absorption-emission spectra [79]
lasing wavelength of this material is about 1064 nm. The output second harmonic at 532 nm from
this device is accomplished via birefringent crystal Lithium Triborate (LBO).

Figure 3.4: Ti:Sapphire Laser [80]

The gain medium in Ti:Sapphire laser is Titanium doped Sapphire crystal. It has four levels
which comprises of many vibrational sub-levels within a single electronic level as shown in figure
3.3 (a). From the absorption/emission spectra in figure 3.3 (b) of Ti:Sapphire laser, it is observed
that the emission maximum occurs at 790 nm whereas the absorption maximum at around 500
nm. The emission bandwidth is exceptionally large (∼180 nm), so the lasers are tunable in the
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range from 700-1000 nm. In mode-locking regime, it generates ultrashort pulses which is close
to 100 femtosecond. The repetition time for this laser system is of the order of 76MHz and the
pulse is generated at the interval of 13.2 ns. The ultrashort pulses from these lasers are generated
with passive mode-locking technique by self-focusing effect due to Kerr lens mode-locking (KLM)
inside the sapphire crystal. The kerr lens is formed only when the intensity of light is high enough.

Figure 3.5: Schematic of Ti:Sapphire laser. [80]

The typical output power of these mode-locked pulsed lasers is of the order of 1.3 W. The
schematic of Ti:Sapphire system is as shown in figure 3.5.

Harmonic generators
The output from Mira-900F is extended into visible and ultraviolet range by using the nonlinear frequency-mixing. Our system for harmonic generation consists of TP-2000B for Tripler
and TP-2000B for Quadrupler from Photop Technologies. The layout and the working of the TP-
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Figure 3.6: Layout of TP-2000B fs tripler [81]
2000B fs tripler and quadrupler are as shown in figure 3.6 and 3.7 respectively. They have mainly
three non-linear crystals, Lithium Triborate (LBO) crystal for second harmonic generation (SHG),
and Barium Borate (BBO) crystal for third (THG) and fourth harmonic generations (FHG).
The incident pulses from fundamental laser mode of frequency ω1 enters into LBO crystal.
It generates laser of frequency ω2 by non-linear process in the crystal, which is called secondharmonic (SH). The fundamental and the SH are again spatially separated by a dichroic mirror
and then focused into BBO crystal. Due to non-linear mixing inside the crystal, the so-called
third-harmonic (TH) is produced.
This process can be represented as,
SHG: ω1 + ω1 => ω2
THG: ω1 + ω2 => ω3
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where, ω1 , ω2 and ω3 are respectively fundamental, second harmonic and third harmonic frequencies.

Figure 3.7: Layout of TP-2000B FHG Quadrupler [82]

The tripler has a time plate (TP) which maintains the time delay during the second harmonic
generation.The third harmonic is generated by frequency summation of ω1 and ω2 at the THG
crystal.
The third harmonic pulse is then fed into quadrupler. Again, the frquency summation of ω1
and ω3 pulses in a FHG crystal generates the fourth harmonic (ω4 ).
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Ths process can be represented as,
ω1 + ω3 => ω4
where, ω1 , ω3 and ω4 are fundamental, third harmonic and fourth harmonic frequencies respectively.
The quadrupler has optical delay line that controls the time delay of the fundamental pulses
before passing through the FHG crystal. This system generates the fourth harmonic pulse at 200
nm, repetition rate of 76 MHz with average power of 1-2 mW.

Cryostat
Our sample stage consists of the Janis cold head. The sample should be mounted on the sample
holder with a cold finger in a closed cycle Helium refrigerator with optical windows. We designed
a sample holder that can hold powder samples as well as thin film samples. Powder samples
were covered by fused silica plates in these experiments. The sample can be cooled to cryogenic
temperature so that all important features from the radiative relaxation process could be captured.
The Lakeshore temperature controller in cooling system maintains the temperature of the sample
in a range of 8-300 Kelvin. The system is accompanied with CTI 8200 compressor and a Turbo
pump vacuum system as shown in figure 3.8.

Detection system
Our detection system has spectrometer (SP 2750) from Princeton Instruments. It is a monochromator with dual exit ports; microchannel plate photomultiplier tubes (MCP-PMT) and photon
counting detector. The monochromator (figure 3.9 (a)) has a triple diffraction grating turret for

CHAPTER 3. EXPERIMENTAL TECHNIQUES

29

Temperature
controller
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Cryostat

Turbo Vacuum
Pump
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Figure 3.8: Cooling System
gratings 2400 grooves/mm, 1200 grooves/mm and 300 grooves/mm respectively and has length
of 750 mm. Effective detection windows for the holographic-UV, UV-visual and near-Infrared
settings have cut-offs at 700 nm, 1400 nm and 5400 nm respectively. The standard 2400 g/mm
ruled grating is blazed for holographic-UV with optimum range from 190 to 450 nm was used for
wide-band gap PL measurements. The system has a resolution of ∼ 0.03 nm. The MCP-PMT is
a photodetector that consists of a great number of photomultipliers. Any ejected electrons into a
detector produces a cloud of secondary electrons.
The spectrometer as well as the detector is operated by “spectra sense” software via computer.
It is a comprehensive data acquisition and data treatment tool, which can be operated in scanning
survey mode or acquisition mode.
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Figure 3.9: Spectrometer: SP 2750 [83]

3.2

X-Ray Photoelectron Spectroscopy (XPS)

XPS is a surface sensitive analytical technique primarily used for identifying all elemental
chemical species except hydrogen and helium. In XPS, X-rays interact with core level electrons
of a material and the kinetic energy of the emitted electrons is measured. Electrons can be emitted
from any orbital with photoemission occurring for X-ray energies exceeding the binding energy.
Usually, soft X-rays of 1-2 keV energy eject photoelectrons from the sample. This process is shown
in schematic diagram 3.10. The binding energy (BE) can be regarded as the difference between
the initial and the final states when the photoelectron left the atom,

EB = Ex−ray − EK ,

(3.1)

where, EB = binding energy of photoelectron, EK = Energy of photoelectron and Ex−ray = Energy
of the incident x-ray.
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Figure 3.10: Electronic process in XPS
We performed XPS in the facility of Advanced Science Research Center (ASRC) at CUNY. The
XPS system (VersaProbe II, Physical Electronics) is equipped with dual beam charge neutralization
technology, a floating column Ar ion gun for depth profiling, a UV lamp for Ultra-violet Photoelectron Spectroscopy (UPS) measurements and a 128- channel detector. We used the monochromatic
aluminum Kα (h ν = 1486.6 eV) source in the system. The XPS signal is mainly from the surface
region of the sample.

3.3

X-ray Diffraction (XRD)

Bragg’s Law gives the condition for maximum diffraction. It occurs when a monochromatic
X-ray beam with wavelength λ , incident onto a crystal lattice with an angle θ is integer multiple
of wavelength,
nλ = 2dsinθ
where, d is the interplaner spacing and n is an integer.

(3.2)
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Figure 3.11: Reflection of monochromatic X-rays from two successive planes
Figure 3.11 demonstrates the reflection of x-rays from two planes of atoms in a crystal. XRD
is a very useful technique to characterize the materials structure and to study the crystalline quality
and defects. We used powder X-ray diffraction to study structural properties of Zinc oxide and
hexagonal Boron Nitride (h-BN) nanoparticles.

3.4

Scanning Electron Microscopy (SEM)

An electron microscope uses an electron beam (e-beam) to produce a magnified image of the
sample. It can produce much higher magnification and resolution as compared to the optical microscopes. The electron energy is typically several hundred eV for insulating materials like zinc
oxide and Boron nitride. SEM is the most common and easy-to-use elctron microscope in which
the image is produced by scanning the sample with a focused electron beam and detecting the
secondary and/or backscattered electrons. The schamatic of SEM is shown in figure 3.12.
From the wave nature of electron proposed by de Broglie, the electron wavelength λe depends
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Figure 3.12: Schematics of working in SEM
on the electron velocity (v) or the accelerating voltage (V) as,

λe =

h
h
1.22
=√
= √ (nm)
mv
2qmV
V

(3.3)

FEI Helios NanoLab FIB-SEM was used for productive imaging and high performing TEM
sample preparation for my projects. It has dual-beam (electron and ion) columns, gas-injection
systems (GIS) and an Omniprobe (or Easylift nanomanipulator), which were used for sectioning
and imaging of a thin lamella and transferring them to TEM grids. In the dual beam SEM system,
the electron and ion beams (Ebeam/Ibeam) intersect at 52° at the coincident point near the sample
surface, which facilitates the imaging of the ion milled surfaces. This dual-beam FIB system uses
a beam of ions (Gallium ions) produced from a liquid metal ion source (LIMS). Gallium ion beam
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is accelerated (up to 30 KV) and rastered for milling and cleaning the sample surfaces. These ions
are heavier (atomic number of Ga : 21) and more energetic (∼30 keV), so it is crucial to follow
careful steps while milling because they may cause implantation damage of the lattice, and leave
artifacts (for eg. droplets on the milled surfaces). Also, working with a low energy (1-2 keV)
gallium ion beam may not be beneficial because of limitations in instrumentation optics. We used
this system to prepare h-BN samples for TEM imaging. hBN flakes seems to produce charging
effects while it is inside FIB/SEM system. So, we sputtered coated with 10-15 nm of gold on
top of it to prevent the effect. Although the system uses both the ion beam and electron beam for
imaging, ion beam may sputter the surface. So, it is important to take snapshots in SEM while
milling by ion beams. It is necessary for us to preserve the top layer of the samples of interests
during Ibeam milling/pattering. So, a thin layer of Platinum was deposited by Ebeam (0.1 µm)
followed by Ibeam (1µm) before Ibeam milling. Also, for bonding of the lift-out lamella into the
copper grid, platinum deposition is used.
Several steps should be followed while preparing TEM specimens, some important are:
1. Since the specimen’s surface was not uniform, we identified the region of interest (mostly
flat surface),
2. The specimen was brought to eucentric height (centering the recognizable feature on the
surface while tilting the stage through 2, 5, 15, 40 and 52 degrees),
3. Ion beam can easily destroy the top layer of specimen, so a thin layer of platinum deposited
using GIS, initially by the electron beam, then by the gallium ion beam.
4. Lamella was prepared by Gallium ion milling by forming trenches adjacent to the platinum
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region using regular cross section and cleaning cross-section.
5. Easylift nanomanipulator techniques used for lift-out of the lamella,
6. Lamella was then transferred onto the TEM grid, and attached with platinum, and
7. The specimen’s surface was thinned and cleaned with gallium ion beam by tilting the milled
surface at 1 - 2° with respect to the ion beam until the final thickness of the lamella becomes
close to 100-150 nm.

(a)

(b)

Figure 3.13: Layout of optical components in FEI’s Helios NanoLab Dualbeam (a) SEM and (b)
FIB system [84]
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Transmission Electron Microscopy (TEM)

Electrons from the electron gun are accelerated by high voltages in the range of 100 to 400
KeV, giving rise to wavelength of elctron as small as a few picometers. Working principle of TEM
is very similar to that of optical microscope but it is highly advanced technique and it gives images
with very high resolution. In addition to imaging, it is also used for electron energy loss, as well
as diffraction pattern analysis. For λ ∼ 500 nm and V ∼ 100 KV, point to point resolution in TEM
reach to 0.23 µm and magnification far better than optical microscopes.
The major components of the TEM instruments are:
1. Electron gun, which is extreme field emission gun (X-FEG)
2. Magnetic lenses
3. Vacuum chamber, with a high vacuum of 10−8 pascal.
4. Specimen holder
5. Camera and Display, has a phosphor screen and CMOS as well as CCD camera for image
recording and analysis.
The very thin sample close to some 100 nm is required for better resolution. The sample
preparation for TEM imaging has been done by focused ion beam (FIB) system equipped in the
SEM.
Titan Themis (S)TEM equipped with elstar electron gun with Cs Image Corrector was used
for high resolution imaging of the hBN flakes. It has a point resolution and limitations of 0.9
Å. We used nanobeam diffraction in scannning TEM mode for diffraction pattern imaging. For
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Figure 3.14: Layout of optical components in FEI’s Titan Themis S(TEM) [85]
this purpose, it uses high-angle annular dark field (HAADF) detector. We captured high resolution
images using 200 kV. High resolution TEM images were taken for both plan view and cross-section
views. Both dark field and bright field views were used for clear distinction of the stacking faults
in this layered material.
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Bulk h-BN growth technique

Bulk crystal of h-BN were grown from a nickel-chromium molten metal solution at Kansas
State University. The metal source together with h-BN powder were hot-pressed in BN crucible.
To reduce the oxygen concentration further, Nitrogen gas was continuously flowed through the
furnace that reduces the oxygen content for the entire experiment. The furnace was heated to 1550
°C, and allow nitrogen to saturate the solution, then cooled the system to room temperature. This
causes the crystals to precipitate from the solution surface. The process is slow cooling that ensures
the crystals are of high-quality.
The crystals were formed on the surface of the solidified iron ingot. They were pulled using
heat release tape. The crystals were thin flakes and transferred to Silicon wafer for further analysis.

Chapter 4
Results and Discussion
4.1

Characterization of bulk hexagonal Boron Nitride

Bulk h-BN samples used in this work were flakes of single crystal grown by the nickelchromium (Ni-Cr) flux method [86,87]. Structural and optical characterization of the bulk samples
are presented. More details on the properties of a sharp PL emission peak are also presented. An
investigation of the origin of the sharp emission peak will be discussed in the next section.
Flakes of bulk h-BN on silicon wafer were characterized for their optical properties, microstructural and chemical compositions using the deep UV PL spectroscopy, high resolution
Transmission Electron Microscopy (HRTEM) and X-ray Photoelectron Spectroscopy (XPS), respectively.
Deep UV PL spectrum is measured at a low temperature (T = 9 K) using the fourth harmonic
output at λ = 195 nm with average power 1.5 mW. Figure 4.1 shows the spectrum measured from
3.3 to 6.3 eV. The emission peaks marked at 5.78 and 5.89 eV are due to the optical and acoustic
phonon assisted band edge transitions, respectively [56]. These peaks show duplet structures that
39
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Figure 4.1: Full photoluminescence spectrum from thin flakes of h-BN
extend over few millielectronvolts. The optical and acoustic phonon energy in the middle of the
Brillouin zone are calculated for LO, TO, LA, TA and ZA are 200, 162, 83, 65 and 22 meV
respectively [55]. Cassabois et al. demonstrated by two photon excitation, revealed the indirect
bandgap of 5.955 eV having the Wannier type of exciton with binding energy of 130 meV. And
hence, the estimated bandgap of h-BN is close to 6.083 eV [56].The PL spectra also show strong
multiple emission peaks around the marked peak at 5.47 eV. The origin of these emissions peaks
is also not clear yet. It has been assigned to a stacking fault [88]. First-principles calculations
show that it could be related to oxygen. Oxygen at nitrogen site (ON ) has 1+/0 transition at 5.33
eV above the valence band [55]. In fact, there is an emission peak around 5.31 eV. Thus, we
assign the emission peak at 5.31 eV to the transition of electrons from ON to the valence band.
This complex emission band contains several other peaks between 5.47 and 5.78 eV peaks, which
are still under investigation. The PL signal below 5 eV is below noise level showing almost no
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impurity related emissions exhibiting high quality material. Normally, h-BN gives strong impurity
emission at peaks around 3.7 and 4.3 eV [41, 42].

(a)
(b)

0.25 nm

Figure 4.2: (a) Plan view HRTEM images of the h-BN flakes on Si-wafer, (b) Diffraction pattern
along [0001] direction.

Figure 4.2 shows a plan-view HRTEM image of a bulk h-BN sample. Sample for TEM imaging
was prepared by using a focused ion beam (FIB) technique. The image was recorded at 300 kV and
probe size close to 0.9 Åin the TEM system. It uses a dedicated spherical aberration (Cs) corrector
for advanced TEM capability. Plan-view image of h-BN flakes sample shows clear distinction
of individual boron and nitrogen atoms as in figure 4.2 (a). The similar atoms (N-atoms) within
the layers are bonded together having in-plane lattice constant of 0.25 nm. Nanobeam diffraction
mode was used to acquire the diffraction pattern (DP) from the specific region of the sample. In
figure 4.2 (b), the DP of the plan-view h-BN exhibits the clear six-fold symmetric spots, which
shows the crystalline homogeneity.
The cross-sectional image of h-BN clearly shows the parallel layered structure as in figure 4.3
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(a). TEM sample for cross section view was also prepared using the FIB. The interlayer lattice
spacing is ∼ 0.33 nm, which agrees with reported results [47]. Figure 4.3 (b) shows the diffraction
pattern in the {0001} plane family. Stacking fault defects are abundant in these layered materials.
Our TEM image also shows this defect indicated in red oval. They might play an important role in
the emission spectrum of h-BN flakes.

Figure 4.3: Cross-sectional HRTEM images of the h-BN flakes on Si-wafer and corresponding
diffraction.
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In order to identify chemical species on the sample surface, we performed XPS study of the
h-BN samples using the XPS multi-technique instrument. In the XPS survey scans as shown in
figure 4.4, the major foreign elements detected were carbon, oxygen and silicon. There were
strong signals from both carbon and oxygen in the XPS spectra which could be due to surface
contamination. Boron and nitrogen contents are lowered may be due to carbon and oxygen on the
sample surface. Signals from silicon in this h-BN sample could be from silicon substrate that was
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Figure 4.4: XPS spectrum with various peaks related to C, O, B, N and Si atoms in the bulk h-BN
The XPS system normally detects adventitious carbon and oxygen on the surface due to the
contamination and oxidation [89]. Since the XPS measurement is mainly from the surface region
of the sample, carbon and oxygen may have appeared due to surface effect only. In order to investigate if these elements are from the surface region or bulk, we repeated the measurements after
sputtering the sample by Argon (Ar+ ) ions in the XPS chamber before taking the XPS measure-
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ment. Figure 4.5 shows the survey XPS scan of sample after sputtering. It shows significantly
reduced signal from carbon and oxygen in the sample after sputtering byAr+ ions. The atomic
percentage of carbon and oxygen content are close to unit whereas there is surge in boron and
nitrogen content. This indicates that carbon and oxygen are the major residual impurities present
in the h-BN crystal that could be introduced during the growth process [90]. Small amounts of
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Figure 4.5: XPS spectrum with various peaks related to C, O, B, N and Ar atoms in the bulk h-BN
after sputtering
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Effects of annealing h-BN on PL

Luminescence properties of h-BN are usually studied by cathodoluminescence (CL) and photoluminescence (PL) techniques [28, 41, 91, 92]. In our study, we performed PL measurements
to investigate the effect of annealing on luminescence properties of h-BN samples. We annealed
h-BN flakes on a heated silicon handle substrate at temperature of 900 ºC in an oven for one hour
in ambient air.
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Figure 4.6: PL spectra of (a) unannealed, and (b) annealed at 900 ºC h-BN samples.

CHAPTER 4. RESULTS AND DISCUSSION

46

Figure 4.6 shows the low temperature (16 K) PL spectra from flakes of bulk h-BN sample
obtained by using the deep UV laser of wavelength 200 nm (6.2 eV) for photoexcitation. The
spectrum in figure 4.6 (a) is from an unannealed sample, and (b) is from a sample annealed (heated
in air at 900 ºC for 1 hour). Overall, the intensity of the PL emission from the unannealed sample
is stronger than that of the annealed sample. These samples were not the same sample measured
before and after annealing but grown in the same batch. These spectra contain optical and acoustic
phonon assisted band edge emission peaks at 5.78 and 5.89 eV respectively [56]. They show
strong multiple emission peaks around the marked peak at 5.47 eV that intensity is enhanced in the
annealed sample compared to the unannealed one. Also, there is an emission peak around 5.31 eV
from both samples. Intensities of the PL emission peak at 5.31 eV and the phonon assisted band
edge peaks at 5.78 and 5.89 eV were reduced relative to the intensity of 5.47 eV in the annealed
sample.
An interesting feature in the PL spectrum of the annealed sample is a series of three sharp
emission lines. They extend in the energy range 3.5 - 4.5 eV. They clearly show a distinguishable
zero-phonon line (ZPL) at 4.09 eV and its LO-phonon replicas at 3.89 and 3.69 eV respectively.
The LO phonon in h-BN is 200 meV [55]. The emission peak at 4.09 eV has a line width less than
1 nm. Several research groups have also demonstrated a series of these three lines, normally called
4.1 eV line below 5 eV band depending upon the growth methods and the crystal quality [41, 92].
There was no such sharp emission feature in the PL spectrum of the unannealed sample. In the PL
spectra of h-BN, normally there is a broad impurity emission band below 5 eV with peaks around
3.7 eV and/or 4.3 eV [41, 42]. These peaks may be related to the impurities such as carbon and
oxygen or native defect such as nitrogen interstitial (Ni ) present in the samples. Mostly, the 4.1 eV
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lines are superimposed with the broad impurity band in the emission spectra above the bandgap
excitation. We did not see such impurity band in our samples.
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Figure 4.7: PL spectra of a h-BN sample after successive annealing at different temperatures.

PL spectra in figure 4.6 are from different h-BN flakes but from the same crystal growth run.
In order to confirm the sharp emission line at 4.09 eV is caused by annealing, we performed the
PL measurements of a sample with successive annealing at different temperatures from 100 ºC to
700 ºC. Figure 4.7 shows the low temperature (8 K) PL spectra from the sample after successive
annealing at the temperatures of 300, 500 and 700 ºC. The sharp emission line at 4.09 eV and its
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phonon replicas appear after annealing at 700 ºC. This clearly shows that the 4.09 eV emission
peak is caused by annealing.
The sharp emission line at 4.09 eV and its phonon replicas were first reported by Bourrellier et
al. [40] as single photon emission from defect points from a bulk h-BN using cathodoluminescence
(CL). The emission feature and peak positions in our PL spectrum are at exactly the same position
as in the CL emission in that report. Note that the PL spectra were collected from a bulk sample
contrary to the emission from a defect site. The spot size of the excitation laser on the sample is 1
mm whereas the defect point is about 80 nm as determined from CL within a scanning transmission
electron microscope coupled with HanburyBrownTwiss intensity interferometer. The same feature
and the peak position in the PL emission spectrum from our sample with the CL from a defect
point suggest that the point defects responsible for this transition are abundant and robust as the
line width is very small. So, bulk h-BN crystals might have practical device applications. It also
suggests that the origin of the emission line is the same. Bourrellier et al. [40] attributed the 4.09
eV line as a zero-phonon line (ZPL) due to a carbon impurity substitutional at the nitrogen site
(CN ). However, recent theoretical results from first principles calculation of native defects and
impurities of h-BN showed that CN is not possible due to high formation energy and indicated that
it could be related to carbon substitutional at boron site (CB ) which has 1+/0 charge state transition
at 3.71 eV above the valence band [93].
In order to find the optimized annealing condition for generating 4.09 eV from h-BN, we performed systematic experiments by annealing the samples at different temperatures and for different
time. Low temperature PL were then measured for each annealing condition. A set of bulk h-BN
samples were heated at temperatures of 800 ºC, 900 ºC and 1000 ºC respectively. Also, each of
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Figure 4.8: Low temperature (8 K) PL spectra of bulk h-BN annealed at temperature (a) 800 ºC,
and (b) 900 ºC for different time
these samples were heated for different time durations ranging from 20 min, 40 min and 60 min
respectively. Low temperature (8 K) PL of h-BN flakes at different annealing temperature and for
different durations are shown in figure 4.8 and 4.9. It seems that longer time is required for the sample annealed at 800 ºC to see the enhancement of 4.1 eV peak with its phonon replicas. Whereas,
the sample annealed at 1000 ºC shows the opposite behavior, the peak disappeared once the time
elapsed approaches 40 min or longer. Thus, the optimized annealing temperature is around 800900 ºC for 1 hour for generation of 4.09 eV line. We found that the background signal increased
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Figure 4.9: Low temperature (8 K) PL spectra of bulk h-BN annealed at temperature 1000 ºC for
different time.
with the duration increases for all these samples.
To understand the nature of the sharp emission and its electronic transition, we performed
power and temperature dependent PL measurements. The power dependent PL measurements
were performed at 8 K with the average power of the excitation laser from 1 to 2 mW. Figure
4.10 (a) shows a well resolved ZPL at 4.09 eV and LO phonon lines at 3.89 and 3.69 eV. The
intensity of the emission peak at 4.09 eV and its replicas increased with increasing excitation
power as expected. Peak emission intensity of the 4.09 eV line increased around 7 times when the
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Figure 4.10: Excitation power-dependent PL spectra of h-BN sample measured at 8 K by varying
excitation laser power from 2 mW to 1 mW. Maximum intensity in (b) is close to 5 times as
compared to that in (a) and all spectra are shifted for clarity.
excitation power is changed from 1 mW to 2 mW. The full width at half maximum (FWHM) of
the 4.09 eV peak for the highest excitation is about 0.2 nm. Clearly, there was no sign of peak
positions shifting with increasing excitation power. Figure 4.10 (b) shows the similar behaviour
of the emission peaks in the range from 5.0 to 6.1 eV. Both duplets in optical and acustic phonon
assisted peaks are more pronounced in the higher excitation power.
This indicates that the electronic transitions involved in these emission processes are not donor
and accepter pair (DAP) type. In a DAP transition the peak position is blue shifted due to the
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increased Coulomb interaction with increased DAP pairs by high inensity of excitation [94]. There
are also small shoulders at 3.91 and 3.71 eV which are about 20 meV above the 1LO and 2LO
lines respectively, and could be also phonon related peaks.

Figure 4.11: Temperature-dependent PL spectra of h-BN sample measured by varying the sample
temperature from 8 to 290 K. Maximum intensity in (b) is close to 5 times as compared to that in
(a) and all spectra are shifted for clarity.

The temperature dependent PL measurement of the sample were performed by varying the
temperature of the sample from 8 to 290 K. Figure 4.11 (a) shows the temperature dependent PL
spectra below 5 eV. The intensities of the emission line and phonon replicas decrease very fast
with increasing temperature whereas the peak position did not change. The sharp emission peak
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at 4.09 eV starts broadening above 80 K. The line width of the emission increases with increasing
temperature. The 4.09 eV emission peak was apparent even at room tempearature. Figure 4.11 (b)
represents the PL spectra above 5 eV. The maximum intensity is close to 5 times as compared to
that in figure 4.11 (a). The duplets in optical and acoustic phonon assisted emission peaks are less
distinguishable above 80 K. The emission efficiency quickly decreases with temperature whereas
the peak positions are not shifted.

Figure 4.12: Arrhenius plot for 4.09 eV peak using integrated intensity. The estimated thermal
activation energy is about 15 meV.

From the temperature dependent PL emission for 4.09 eV peak, we plotted a graph of integrated
intensity versus 1/T which is shown in figure 4.12. The thermal activation energy can be described
by the Arrhenius equation as given by,

I(T ) =

I0
E0
BT

−k

1 + Be

(4.1)
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where, I(T) and I0 are the integrated intensity at finite temperature T and 0 K respectively. E0
is thermal activation energy, K is the Boltzmann constant, and B is the thermal activation rate.
The data points were fitted using Arrhenius equation to estimate the thermal activation energy. We
estimated the thermal activation energy of this emission is close to 15 meV. This low value could be
due to a non-radiative channel nearby the deep level which is resulting the fast-thermal quenching
in the PL emission.
Our results from the power dependent and temperature dependent PL measurements show the
robust nature of the 4.09 eV energy peak. This result is also supported from the work by Pelini et
al. [95] group. They reported that the peak position did not shift by isotopically controlled carbon
doping. This kind of nature in temperature dependent PL was also seen in single photon emission
in the orange line (1.998 eV) in h-BN [96]. The sharp emission line at 4.09 eV with line width ∼
0.2 nm also indicates that it could be a quantum emitter.
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Exploring the origin of the sharp emission at 4.09 eV from
h-BN
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Figure 4.13: High resolution XPS spectra of (a) unannealed and (b) annealed in B 1s core region,
and (c) unannealed and (d) annealed in N 1s core region

Very sharp PL emission at 4.09 eV has FWHM of 0.2 nm, small line-width of the emission is
an evidence of a quantum emitter. In wide bandgap material, deep level states can be easily introduced. Some of the deep level state can be highly localized giving atomic-like transitions. Such
quantum emitter could have application in quantum-bit/qubit for quantum information processing.
We performed XPS to investigate the origin of the 4.09 eV. We compared XPS results of samples with and without 4.09 eV emission in PL spectra. Figure 4.13 shows the high resolution XPS
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spectra near the core level regions for B1s and N1s. We used Gaussian peak fitting to deconvolute
the high resolution XPS spectra. As shown in figure 4.13(a) and (c), the XPS core level peaks for
B 1s and N 1s were detected at 190.6 and 398.3 eV, respectively with FWHM of about 0.98 eV
for both. These core level peaks agree with the reported XPS data of bulk h-BN [97–99]. In the
unannealed sample, in addition to the main peak from the core level, there is a small shoulder at a
binding energy about +0.8 eV higher than the B 1s core level peak (figure 4.13(a)). We assigned
this XPS peak ∼ 191.4 eV to the bonding between B and oxygen occupying nitrogen site [100]. In
the N 1s spectrum, there are two components in the high energy region - a small shoulder around
+1eV and another with a pronounced peak around +2.5 eV higher binding energy from the N 1s
core level peak (figure 4.13(c)), respectively. These peaks in the higher energy region at 399.3
and 400.5 eV are assigned to N-C bonding (bonding between N and carbon occupying boron site
(CB )), and N-N (bonding between N and Ni ), respectively [101]. Formation energy of native defects in h-BN is higher than that of impurities, thus they are less likely to be present alone. The
formation energy of oxygen occupying nitrogen site (ON ) is low [93]. Thus, the presence of dominant ON is highly likely which is consistent with the feature of bonding between B and O in the
XPS spectra. The presence of a 5.31 eV emission peak in the PL spectra also correlates with this
argument. Similarly, the presence of carbon occupying boron site (CB ) is also likely due to its low
formation energy. Once the impurities are present, incorporation of native defects are possible for
charge neutralization. Nitrogen interstitial (Ni ) has the lowest formation energy for native defects.
The ON and CB have single positive charge state; hence the presence of Ni is most likely since its
charge state is negative to satisfy the charge neutralization condition. So, we have assigned the
peak at 400.5 eV to the N-N bonding.
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Figure 4.13 (b) and (d) are high resolution XPS spectra of the sample (annealed at 900 ºC for
1 hour) for B 1s and N 1s core level regions. The annealed sample has pronounced 4.09 eV PL
emission line. Both spectra have slightly narrower FWHM of 0.92 and 0.88 eV for B 1s and N 1s,
respectively. The peak position of the B 1s level is slightly shifted towards higher energy. Our XPS
result showed the intensity of B-O bonding is reduced in the annealed sample, indicating oxygen
occupying the nitrogen site could be replaced by another element. We did not see the evidence of
oxidation by annealing h-BN flakes at 900 ºC for 1 hour. The XPS peak for boron oxide (B2 O3 )
would appear at 193.4 eV [102, 103]. Decrease of oxygen is also consistent with the decreased
intensity of the PL emission peak at 5.31 eV as depicted in figure 4.6 (b). Deconvolution of B
1s spectra also shows an additional shoulder in the lower binding energy region with peak around
189.7 eV. Lower binding energy components are indicative of the bonding with carbon [104].
Therefore, we assign the peak to B-C bonding which is due to the introduction of CN . In the N 1s
spectrum of the annealed sample, the peak around 400.5 eV which is assigned to N-N bonding is
completely disappeared and the intensity of N-C bonding is enhanced. As shown in figure 4.13 (d),
there is an additional shoulder in the lower binding energy region peak around 397.4 eV like in the
N 1s spectrum of the annealed sample. This peak matches with N-Si bonding [105, 106]. Silicon
was detected in both samples, but it was not clearly resolved in N 1s spectra of the unannealed
sample.
We also performed the high resolution XPS measurement of samples annealed at 800 ºC and
1000 ºC for 1 hour. As stated above, these were the samples with and without 4.1 eV PL emission
peak, respectively. The high resolution XPS spectra near the core level regions for B 1s and N
1s are shown in figure 4.14. The core level peaks for both B 1s and N 1s were very similar to
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Figure 4.14: High resolution XPS spectra of (a, c) annealed at 1000 ºC, and (b, d) annealed at 800
ºC in B 1s and N 1s core regions
previously detected positions. We observed a small shoulder in figure 4.14 (a) and (c) at binding
energies 191.2 and 399.1 eV in B 1s and N 1s respectively, which agree with the peaks B-O and
N-C in the unannealed sample. However, the N 1s spectrum does not contain N-N bonding peak
in sample annealed at 1000 ºC.
Interestingly, the B 1s spectrum in figure 4.14 (b) shows two pronounced peaks on either side
of the main peak from the core level. They were less intense in previous sample annealed at 900
ºC. A shoulder at a binding energy about +7 eV higher than the B 1s core level were assigned to
B-O bonding and at the lower energy peak around 190.2 eV were assigned to B-C bonding. The
enhancement of B-C bonding peak provides the evidence for the introduction of CN in a sample
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annealed at 800 ºC that has 4.09 eV PL emission line. The N 1s spectrum in figure 4.14 (b) is
similar to the one shown in figure 4.13. There is a distinguishable peak at a binding energy around
399.1 eV, which is faintly observed in sample annealed at 1000 ºC. This peak was assigned to
N-C bonding which is due to the introduction of CB . Also, a small shoulder in the lower energy
peak around 398 eV matches with N-Si bonding. Hence, spectra in figure 4.14 (b) and (d) also
concludes that the 4.09 eV emission peak was generated in sample annealed at 800 ºC for 1 hour
from a carbon related defect that has bonding with Nitrogen and Boron atoms in the h-BN crystal..
These high resolution XPS measurements further show that the samples annealed at 800 ºC
and 900 ºC are very similar. XPS spectra in figure 4.14 (a) and (b) clearly shows that peak related
to B-C bonding (CN ) was generated from sample annealed at 800 ºC annealing and this peak is
disappeared in sample annealed at 1000 ºC. Also, in N 1s spectrum in figure 4.14 (c) the sample
annealed at 800 ºC has enhanced signal from the N-C bonding in comparison to sample annealed
at 1000 ºC. Enhanced signal of N-C and B-C bonding from the samples that have 4.09 eV PL
emission line indicates the origin of the 4.09 eV line could be carbon related defect, which is
making bonds with both Nitrogen and Boron atoms.
XPS signals are from the surface of the sample. We performed the low temperature PL measurement of the sample which was sputtered by Ar+ ions and shown in figure 4.15 (a). The PL
signal is drastically changed with significantly reduced intensity in the band edge at 5.78 eV and
the sharp emission line at 4.09 eV disappeared completely. However, the spectra had a broad impurity emission peak around 4.38 eV which could be caused by introduction of defects such as
nitrogen vacancies (VN ) during the Ar+ sputtering process. The optical properties of h-BN could
be sensitive to its surface structure because of the layered crystal structure. Decrease in the band
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Figure 4.15: PL spectra of annealed h-BN sample (a) after sputtering by argon ion and (b) reannealing at 800 ºC for 1 hour.
edge intensity could be due to the damage of surface structure caused by the sputtering. As the
4.09 eV line disappeared after sputtering, we conclude that the defect responsible for this emission
line could be residing on the surface which was washed out by sputtering. Since the 4.09 eV was
observed in the annealed sample as explained above, we hypothesized that it can be recovered by
reannealing. Figure 4.15 (b) shows the PL spectrum of the same sample after annealing again at
800 ºC for 1 hour. The PL spectrum shows the significant enhancement of the band edge emis-

CHAPTER 4. RESULTS AND DISCUSSION

61

sion intensity and more interestingly the sharp emission line at 4.09 eV reappeared along with its
phonon replicas. Here, the emission line at 4.09 eV and its phonon replicas are superimposed with
a broad impurity band peak around 4.38 eV as the emission intensity of the impurity band is also
increased with annealing. This further confirms that the sharp atomic-like emission line at 4.09
eV is caused by the annealing process and it can be generated by annealing h-BN above 700 ºC.
Thus, we argue here that the defect responsible for emitting the sharp emission line at 4.09 eV
resides in the surface region and the defect center can be generated by annealing the sample. The
intensity of the band edge emission peaks is also enhanced after reannealing. The annealing may
help repair the damage caused by argon sputtering. Lee et al. [107], reported the structural and
optical properties of h-BN thin films improved by annealing in nitrogen.
Carbon was abundantly present in the samples as residual impurity of the material and adventitious impurity on the surface. Based on the XPS results there was increased intensity of of N-C
bonding peak and appearance of B-C bonding in the annealed sample showed, both CB and CN are
present in the annealed samples that emit 4.09 eV line. So, our experimental results support the
formation of carbon dimer defect as a candidate of the defect center of the 4.09 eV emission line as
suggested by the first-principles calculations based on hybrid density functional by Sinkevičienė
et al. [108]. They indicate that the 4.1 eV luminescence peak could be caused by carbon dimer
defect (CB CN ), which is a complex formed by two carbon atoms substituting on nearest-neighbor
sites in the h-BN lattice. Theoretically calculated energy of the zero-phonon line is at 4.31 eV due
to transition of electron between two localized defect states which is slightly away from the experimentally observed ZPL line. Another theoretical study using quantum chemistry calculations on
h-BN monolayer suggested that carbon clusters from two to four atoms such as CB CN , C4cis , and
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C4trans defects give luminescence in the range of 3.9 to 4.8 eV [109].

(a)

(b)

Figure 4.16: Cross-sectional HRTEM images, (a) Unannealed h-BN, and (b) Annealed h-BN at
800 ºC.
Figure 4.16 shows the bright-view cross section TEM image of unannealed and annealed h-BN
samples. The perfect parallel layered structure is observed for unannealed sample whereas some
stacking faults can be visualized in annealed samples. Overall the features in TEM imaging of
these samples were similar. This indicates that the structural defects such as stacking faults are
unlikely to be the origin of the sharp emission at 4.09 eV.
In summary, we characterized single crystal h-BN flakes annealed in air using deep UV PL
and XPS. The PL spectra of the unannealed h-BN were dominated by strong phonon assisted
band edge emission with peaks at 5.78 and 5.89 eV. We have observed the sharp atomic-like PL
emission line in the UV region at 4.09 eV that can be generated by annealing h-BN samples above
700 ºC. This sharp emission line at 4.09 eV is robust based on power and temperature dependent PL
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measurements. A comparative XPS study of the samples with and without the 4.09 eV emission
line suggests that the defect related to the localized states resides on the surface region and our
result supports the formation of carbon related defect that has bonding with Nitrogen and Boron
atoms. One possible defect is a carbon dimer defect as predicted by theoretical calculations.
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Atomic-like emissions in UV region from h-BN crystal powders

Although optical properties of h-BN are revealed quickly using bulk and thin film h-BN samples, optical studies of h-BN in powder form are rare [110]. Most of the optical studies are done in
bulk and thin films of h-BN samples. Previously, h-BN has been used as an electrically insulating
and thermally conducting ceramic. The powder boron nitride in cubic form is used as abrasive
since it is very hard, and the hexagonal form is used for surface lubrication [111]. Powder form of
materials could be suitable for fabrication of large area fluorescence screen. High purity nanopowders can be used for lasing gain medium. For example, yttrium aluminum garnet (YAG), and
lutetium oxide (Lu2 O3 ) have been used for lasers [112]. More work on h- BN powder especially
optical studies are needed for understanding its physical properties and for applications in optical
devices.
The h-BN samples in this study were purchased from Alfa Aesar h-BN powder (99.5 % purity). The powder samples were annealed in an oven at different temperatures for 1 h in ambient
air. The annealed samples were characterized by scanning electron microscopy (SEM) and X-ray
diffraction (XRD) for the surface morphology and structural properties of the material, respectively. We also measured the chemical composi- tion by x-ray photoelectron spectroscopy (XPS).
Rigaku MiniFlex 600 diffractometer with the Cu Kα radiation (λ = 1.54 Å) was used for θ − 2θ
XRD pattern. Hitachi 4800 SEM was used to image the surface structure of the samples. We used
a deep UV PL spectroscopy system for optical characterization. Physical Electronics Versaprobe
II with monochromatic x-ray from aluminum Kα (hν = 1486.6 eV) and a 128-channel detector
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was used for XPS measurements with the system base pressure of 10−8 torr.
Figure 4.17 shows the characterization results from the XRD measurement, SEM imaging and
XPS survey scan of the annealed h-BN samples for the structural, surface and chemical composition properties, respectively.
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Figure 4.17: (a) XRD pattern, and (b) SEM image of the annealed h-BN powder sample.

Figure 4.17(a) is the XRD pattern measured in θ − 2θ mode from the h-BN powder sample
annealed at 700 ºC for 1 hour showing polycrystalline nature of the material. A series of diffraction
peaks are obtained at 2θ = 26.74º, 41.6º, 43.88º, 50.12º, 55.12º, 59.5º, 71.44º, 76º, and 82.18º.
These peaks can be well indexed to (002), (100), (101), (102), (004), (103), (104), (110) and (112),
respectively, for Miller indices (hkl) of the h-BN structure, referring to the Joint Committee on
Powder Diffraction Standards (JCPDS card number 34-0421) for the standard h-BN powders. Our
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Figure 4.18: XPS spectrum measured using survey scan of the annealed h-BN powder sample.
result is similar to the reports by other groups [113–115]. The most intense peak is observed at
26.74º from the (002) plane which is the orientation of the crystal growth. Other XRD peaks are
very clear and sharp showing no major contamination in the sample. From the reflection peaks,
the average crystallite size of h-BN is found to be around 27 nm using Scherrer formula [116].
Fig. 4.17(b) shows the SEM image of the annealed h-BN powder samples using 5 kV accelerating
voltage. The SEM image revealed that the h-BN powders are platelet-like with irregular shapes.
Most of the shaped structures are about ∼3–4 µm size in length. Fig. 4.18 shows the XPS spectra
of the annealed h-BN power sample from survey scan. The XPS peaks at binding energy of 190.6,
398.3, 284.8 and 532.3 eV correspond to the core level peaks of B 1s, N 1s, C 1s and O 1s,
respectively [117]. Atomic compositions in percentage determined from the survey scan are 39.7,
37.5, 17.8, and 5.0 for N1s, B1s, C1s, and O1s respectively showing that the carbon and oxygen
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as major residual impurities in the h-BN sample. The XPS system normally detects adventitious
carbon on the surface due to contamination and oxygen if it is oxidized [118]. So, the signal for
the carbon and oxygen could have contribution from surface contamination.

Figure 4.19: Low temperature (8 K) PL spectra of h-BN crystal powder of (a) unannealed reference, and (b) annealed on sapphire at 900 ºC for 1 hour.
We have investigated the optical studies of h-BN crystal powders using a deep UV PL spectroscopy. The PL measurements of the h-BN crystal powders were performed using the fourth
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harmonic pulse laser of wavelength 200 nm (6.2 eV) for the photoexcitation in the deep UV PL
spectroscopy. Fig. 4.19 compares the low temperature (8 K) PL spectra of the sample annealed
on sapphire handle at 900 ºC for 1 h and unannealed sample as reference. We also annealed h-BN
powder samples on different substrate handles like silicon, and porcelain in the same condition.
We did not find any significant difference in the PL spectra from the samples annealed in these
substrates as the reaction of the sample and the substrate handles are not likely. The PL signals
were scanned in a wide range from 3.3 to 6 eV to cover the emissions due to impurity transitions
and band-edge transitions. The intensity in the PL spectra are plotted in the log scale. The PL
spectra can be viewed in two main bands, one with the broad and less intensed band below 5 eV,
and another band above 5 eV with more intensity and clear emission peaks. An unannealed reference sample has a clear and strong emission peak at 5.49 eV with other shoulder peaks in the upper
band. In the lower band, it has a weak broad impurity band with two faint peaks marked around
3.7 and 4.3 eV which are normally observed in the PL and CL spectra of h-BN samples [42, 43].
Carbon and oxygen are believed to be major residual impurities present in h-BN which were also
observed in the XPS result of this sample. So, these peaks could be related to carbon and/or oxygen. Theoretical results suggest that carbon in boron site (CB ) could be easily incorporated during
the synthesis as it has low formation energy [93]. This defect has transition of (1+/0) charge state
at 3.71 eV above the valence band indicating that this emission may appear due to the transition
of elec- trons from the defect level to the valence band. Furthermore, the CB has single positive
charge state. In order to satisfy the charge neutralization condition, incorporation of native defects with negative charge state are possible. Nitrogen interstitial (Ni ) has the lowest formation
energy and its charge state is negative, thus, the broad emission peak around 4.3 eV could be due
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to Ni [93].
The PL spectrum of the annealed sample as shown in Fig. 4.19(b) clearly shows the enhanced
emission intensity in both bands compared to that of the unannealed sample. The energy peak
positions of the band-edge emission are more pronounced showing improved optical quality after
annealing. Crystalline quality and optical quality of powder materials can be enhanced by annealing powder samples [119]. Improvement of structural and optical properties was also found
in h-BN film by annealing [107]. The distinct PL emission peaks from the annealed sample are
explained below.
In the higher band, PL emission clearly depicts emission peaks at 5.31, 5.49, 5.78, and 5.89 eV.
There is also a shoulder around 5.60 eV near the dominant emission peak at 5.49 eV. We used the
PL emissions of bulk h-BN as reference to assign the PL emission peaks in the powder samples.
The emission peaks at 5.78 and 5.89 eV are assigned to the phonon assisted acoustic and optical
band-edge transitions, respectively [56]. The origin of other multiple emission peaks around 5.49
eV which were also observed in bulk h-BN cystals are not clearly understood yet. The emission
peaks centered around 5.49 eV are believed to be related to stacking faults [88]. In one report,
the high energy emission around 5.5 eV is assigned to the bound exciton emissions whereas the
non-structured emissions around 5.3 eV are assigned to quasi-donor-acceptor pair (q-DAP) [120].
In the lower band of the annealed sample, intensity of the impurity band with peaks at 3.7
and 4.3 eV is increased and became broader compared to the reference unannealed sample. With
careful observation, we find that intensity of the broad impurity band centered around 3.7 eV is
increased more than that of 4.3 eV after annealing. There is an interesting feature in the lower band
with sharp emission peaks superimposed with the broad impurity band in the annealed sample that
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was not clearly present in the reference sample. The sharp atomic-like emission peak at 4.10 eV
has a line width of less than 1 nm as in the atomic-like emission. The other peaks at 3.90 and 3.70
eV are longitudinal-optical (LO) phonon replicas of the 4.10 eV emission line. The LO phonon
energy of h-BN is about 200 meV [55]. This sharp atomic-like emission is the focus of this paper.
This kind of emission was also observed in the optical spectra from bulk and epilayers of h-BN
samples [40, 42, 43].
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Figure 4.20: Excitation power dependent PL spectra of annealed h-BN powder sample using the
third harmonic laser at 266 nm by varying average excitation power from 10 to 80 mW. The bottom
two spectra are magnified 2 times and all spectra are shifted for clarity.
In order to understand the nature of the atomic-like emission and its electronic transition, we
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performed power dependent PL measurements at low temperature using the THG laser at 266
nm as it is below bandgap emission. Fig. 3 shows the low temperature (8 K) excitation power
dependent PL spectra from the sample annealed at 700 ºC obtained by varying the average power
of the excitation laser from 10 to 80 mW. The line width of the 4.10 eV line is narrower than
that from the sample annealed at 900 ºC. The PL spectra measured with different excitation power
were shifted for clarity. Intensity of the 4.10 eV line is increased about 20 times when the average
excitation laser power is changed in that range. The intensities of the emission peak at 4.10 eV
along with its replicas are increased with increasing excitation power of the laser due to increase
of photoexcited electrons. We can clearly see the peak positions are not shifted with increasing
excitation power. This indicates that the electronic transition involved in the emission process is
not a donor and accepter pair (DAP) type but it could be the band related transition. In a DAP
transition the peak position is blue shifted due to the increased Coulomb interaction with increased
DAP pairs by high in- tensity of excitation [94]. Based on the power dependent PL results, one
possibility of the electronic transition is from a localized defect level to the valence band.
Although the 4.1 eV lines were also observed in other forms of h-BN such as bulk and epilayers,
the method of generating the sharp atomic-like emission line and the defect responsible for the
emission line are not well understood yet. As the sharp emission line has been appeared in the
annealed sample, we investigated the effect of annealing temperature in the PL emissions. PL
measurements were performed after sequential annealing of the sample at different temperatures
varying from 100 to 900 ºC. Fig. 4 shows the low temperature PL spectra of the sample annealed
at different temperatures (TA) including the reference spectrum measured before annealing. The
spectra are shown only in the lower band below 5 eV. The PL emissions including the reference
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and annealed at up to 500 ºC show faint peaks. Note that the reference PL spectrum and the
spectra after annealing at 100 and 500 ºC are magnified five times for clarity. When the sample
is annealed about 700 ºC, it clearly shows the zero phonon emission line at 4.10 eV along with
its phonon replicas. We also performed the PL measurements of the samples annealed directly at
different temperatures and found similar results as those from the samples annealed sequentially up
to that temperature. These results clearly show the defects responsible for the atomic-like emission
line are generated during the annealing process. These emission peaks start broadening when the
sample is further annealed at higher temperatures as can be seen in the PL spectrum for the sample
annealed at 900 ºC. Also the intensity of the peak around 3.7 eV of the broad band is increased
faster than that of around 4.35 eV when annealing temperature is increased to 900 ºC.
In the PL spectrum of the sample annealed at 700 ºC, we can clearly see three major peaks
at 4.10, 3.90 and 3.70 eV. The peaks at 3.90 and 3.70 eV are respective 1LO and 2LO phonon
replicas of the zero phonon line at 4.10 eV as they are 200 meV apart. There is also another sharp
but less intensed emission line at 4.12 eV which is about 20 meV above the major 4.10 eV line.
We can also see small signal of its LO phonon replica at 3.92 which is also 200 meV apart from
the 4.12 eV peak. The line widths of the 4.10 and 4.12 eV lines are estimated by fitting the spectrum using multiple Gaussian peaks and found to be around 5 meV (0.3 nm) and 9 meV (0.5 nm),
respectively. The sharp emission at 4.12 eV was observed in h-BN epilayers grown on sapphire
substrates by metal organic chemical vapor deposition [43] whereas 4.10 eV was observed in bulk
and pallete of powder h-BN samples [40,42]. In our h-BN crystal powder samples annealed at 700
ºC, we observed both of them in a well resolved PL spectra. Since the PL was measured at low
temperature it is likely that phonons are frozen and the phonon-assisted transitions by absorption
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Figure 4.21: Low temperature (8 K) PL spectra of h-BN powder sample after sequentially annealing at different temperatures varying from 100 to 900 ºC. The bottom three spectra are magnified
5 times.
of phonon are less likely to occur. Thus, these two lines could be two independent or two energy
levels of a defect state caused by anisotropy and polycrystalline nature of the material.
When the sample is annealed in ambient air, the sample is exposed to high temperature. Thus,
several processes such as oxidation, migration of vacancies in the material and changes in the
surface structure are possible which could generate the defects responsible for the atomic-like
emission lines around 4.1 eV. Recent theoretical results from the first-principles calculations based
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on hybrid density functional by Mackoit-Sinkevičienė et al. [108] showed that the 4.1 eV luminescence peak could be caused by the carbon dimer defect (CB CN ), which is a complex formed by
two impurity carbon atoms on nearest-neighbor sites in the h-BN lattice. Theoretically calculated
energy of the zero-phonon line due to transition of electron between two localized defect states is
4.31 eV which is close to the experimentally observed zero-phonon line [108]. In another theoretical study using quantum chemistry calculations on h-BN monolayer suggested that carbon cluster
defects including CB CN give luminescence in the range of 3.9–4.8 eV [109]. Thus, we have assigned the sharp emission lines in the UV region to the carbon dimer defect which is generated
during the annealing process.
In summary, we have characterized h-BN crystal powder for structural and optical properties.
We studied the effect of annealing in the optical properties of h-BN crystal powders using the
deep UV PL spectroscopy. We observed sharp atomic-like PL emission lines in the UV spectral
region at 4.10 and 4.12 eV along with their LO phonon replicas from the h-BN powder samples
annealed above 700 ºC for 1 hour in ambient air. Our study indicates that the defects related to the
atomic-like transitions are generated during the annealing process of the h-BN powders. Based on
the theoretical calculation results, we have assigned the atomic-like emission in the UV region to
the electronic transitions in the localized carbon dimer defects. We also found that the annealing
improves optical quality as evident by pronounced phonon assisted band-edge emission peaks at
5.78 and 5.89 eV in the low temperature (8 K) PL spectra.
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Optical transitions in lysozyme mediated zinc oxide nanoparticles probed by deep UV photoluminescence

High purity ZnO powders are generally used as precursors to grow nano-structures as well
as thin films of ZnO using chemical vapor deposition, e-beam evaporation, and pulsed laser deposition (PLD) techniques [18, 121, 122]. ZnO nanostructures have potential applications in the
development of UV lasers and solar cells [10, 11, 123]. Several methods are used for the synthesis
of ZnO nanostructures such as sol-gel [124–126], hydrothermal [127], precipitation [128], laser assisted chemical vapor deposition [129], spraypyrolysis [130], microwave irradiation [131], thermal
decomposition [132], dc thermal plasma [133], RF sputtering [134] etc.

Figure 4.22: Schematic of synthesizing lysozyme mediated zinc oxide (L:ZnO) nanoparticles.

We have reported a simple and low cost sol-gel method for the synthesis of TiO2 nanoparticles
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with lysozyme mediated technique [135]. Sol–gel method has many advantages with respect to
the other methods in terms of purity, homogeneity, low processing temperature and stoichiometry
control. Lysozyme, which occurs naturally in human tears, saliva, egg white, and other body fluids,
is capable of destroying the cell walls of certain bacteria and thereby acting as a mild antiseptic
[136]. Lysozyme was used as a representative of enzyme. The purpose of employing lysozyme
is getting free from agglomeration during nanoparticles formation and particle size reduction. We
found that the particle size was reduced by using lysozyme in the synthesis of TiO2 nanoparticles.
The reason of scaling down in size is due to active role of lysozyme in squeezing activity of the
colloidal suspensions and thereby limiting agglomeration process [135].
In this work we have used the same technique for the synthesis of ZnO particles. We present
here the investigation of ZnO particles synthesized by lysozyme mediated technique. Figure 4.22
shows the schematic diagram of synthesizing L:ZnO nanoparticles. All the chemicals used in
the experiment were of analytical grade and consumed without further purification. 6 g of Zinc
Acetate (> 98.5% purity, Qualigens fine chemicals) was dissolved into 30 mL of deionized (DI)
water under stirring at room temperature. Then, mixture of 24 g of NaOH (> 97% purity, Fisher
Scientific) and 45 mL of DI water were added into the above solution. Later, 0.6 g of Lysozyme
(70000 U/mg, Sigma-Aldrich) and 300 mL of absolute ethanol (Merck) was added and stirred for
2 h at the same condition. The mixture was washed several times with DI water and centrifuged at
8000 rpm for 10 minutes. The mother liquor was then separated and dried the remaining mixture
at 200 °C. Finally, the solid mass of L:ZnO nanoparticles was annealed in air at 550 °C for 2 hours
and ground into fine powder using a mortar.
The crystal structure of the sample was characterized by XRD using a D2 phaser: Bruker with

CHAPTER 4. RESULTS AND DISCUSSION

77

Cu Kα radiation (λ = 1.54187 Å). XRD pattern was scanned at room temperature in the Bragg’s
2θ angle ranging from 20 to 80° with a scanning rate of 2° per minute. A Helios SEM was used
to image the samples with accelerating voltage of 5 KV and 4.14mm working distance (WD).
Before taking SEM images of the samples, very thin (< 10 nm) gold layer was coated to reduce the
charging effect. The optical absorption spectra were measured between 350 and 800 nm by Cary
60 UV–VIS spectrophotometer (Agilent Technologies).

Figure 4.23: XRD pattern of L:ZnO nanoparticles
Figure 4.23 shows the XRD pattern of the synthesized L:ZnO nanoparticles measured at room
temperature. The samples of L:ZnO nanoparticles have no contamination and possess polycrystalline phase as all the XRD peaks are very clear and sharp. Diffraction at 31.76°, 34.43°, 36.29°,
47.67°, 56.71°, 62.99°, 66.41°, 68.09°, 69.19°, 72.85° and 77.03° can be well indexed to (100),
(002), (101), (102), (110), (103), (200), (112), (201), (004) and (202) Miller indices (hkl) of hexagonal ZnO wurtzite structure. These peaks are in good agreement with JCPDS card number 5-664,
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36-1451 and 89-1397. The most intense peak is observed at 36.07° of the crystal growth orientation on the (101) plane. The crystallite size is estimated using Debye Scherer’s relation from the
broadening of the XRD peaks mentioned elsewhere [137, 138]. The calculated average crystallite size of L:ZnO is about 13 nm. In comparison with ZnO particles without using lysozyme the
average crystallite size is reduced about 40% by lysozyme mediated process.

Figure 4.24: SEM of L-ZnO

Figure 4.24 shows the SEM images of the L:ZnO particles. The particles are mostly spherical
shape, some of them are clustered together. Inset in the figure shows an SEM image taken at higher
magnification. The scale bar for the image in the inset is 200 nm. From the size distribution, the
average particle size is around 75 nm which is bigger than the crystallite size estimated from Debye
Scherer’s relation from the XRD peaks. So, each particle could have several crystallites oriented
in different crystallographic directions as can be expected in polycrystalline materials. Based on
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the particle size, quantum confinement effect in the optical measurements is not expected.

Figure 4.25: Room temperature absorption spectrum of L:ZnO samples.

The optical properties of lysozyme mediated Zinc oxide is characterized by absorption spectroscopy and deep UV PL spectroscopy. The optical absorption spectra were measured between
350 and 800 nm by Cary 60 UV–VIS spectrophotometer (Agilent Technologies). Figure 4.25
shows the room temperature absorption spectrum of L:ZnO particles in the wavelength range from
350 to 800 nm. There is sharp absorption below the wavelength of 380 nm.
The optical bandgap of synthesized L:ZnO nanoparticles was estimated by the extrapolation of
the linear portion of (αhν)2 versus photon energy hν plot. For the allowed direct transition, the
variation in with the photon energy obey Tauc’s plot method [139],
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Figure 4.26: Tauc plot from the absorption spectrum. Optical bandgap is about 3.27 eV at room
temperature.

(αhν)2 = A(hν − Eg )

(4.2)

where A is a constant, Eg is the optical band gap, h is the plank constant and is the absorption
coefficient. The plot of (αhν)2 versus photon energy hν for L:ZnO nanoparticles is shown in Fig.
4.26. The extracted optical bandgap from the extrapolation at (αhν)2 = 0 yields the optical band
gap energy which is ∼3.27 eV for L:ZnO samples at room temperature.
A pulse laser of wavelength 260 nm was used for photoexcitation in the deep UV PL measurement. Figure 4.27 shows the low temperature (15 K) PL spectra with different excitation average
laser power. Power dependent PL measurement can clearly distinguish if the emission peak is due
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to donor-acceptor pair (DAP) transition or not [140]. As the excitation laser power is increased,
more DAP are created and the Coulomb interaction is increased due to the decreased distance between the DAP pairs. The energy of the photon resulting from a DAP transition is given by [140],

hνDAP = Eg − EA − ED +

q2
εr

(4.3)

where ED , EA are energy of donor and acceptor level, respectively, r is the distance between the
donor and acceptor pair participating in the emission and ε the dielectric constant. In the power
dependent PL measurement, the dominant emission peak around 2.40 eV is blue shifted with increasing excitation laser power. There is about a significant blue shift of the emission peak with
increasing average laser power from 10 to 100 mW confirming a DAP transition. We will discuss
the corresponding energy levels for this DAP transition later.
The low temperature PL spectra in Fig. 4.27 clearly show the band edge emissions from L:ZnO
particles. Inset in the Fig. 4.27 shows the replotted PL spectrum in the range of 3.20 eV to 3.41
eV for the excitation laser power of 100 mW. Dominant band edge emission peak is at 3.318
eV followed by 3.359 eV. These emission peaks are independent of the excitation laser power
indicating the band related emission peaks. There is also a small bump in the high energy shoulder
at ∼ 3.374 eV. We believe it is due to free exciton (FX). We assigned the emission peak at 3.359
eV to the donor bound exciton (DºX). Difference between the FX and DºX peaks observed in the
PL spectra is about 15 meV. We assign the emission peak at 3.318 eV to the recombination of
free conduction band electrons and holes bound to a neutral acceptor state (FA). We also observed
a broad peak at around 3.25 eV below the FA peak that could be LO phonon replica of FA as
the LO phonon energy in ZnO is 72 meV [77]. From the emission peak of the FX observed
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Figure 4.27: Power dependent PL spectra of L:ZnO nanoparticles at 15 K. Average power of the
excitation laser was varied from 10 to 100 mW. Inset in the figure is the replotted spectrum in the
scale of 3.20 to 3.41 eV for 100W power.
at 3.374 eV, the PL emissions are similar to that from ZnO bulk or thin films. We did not see
any quantum confinement effect which is consistent with the average size of the L:ZnO particles
observed in the SEM images. By taking the binding energy of the free exciton in ZnO as 60
meV, the energy bandgap comes as 3.434 eV at 15 K which is consistent with the literature values
reported for ZnO [77]. In the literature, PL emission due to DºX observed at 3.3598 eV at cryogenic
temperature with localization energy of 16.1 eV is termed as I8 [77]. Donor associated to this Dº
X is believed to be gallium with donor binding energy of about 55 meV. Such donor could be
incorporated in the samples in the synthesis process. The dominant emission band with a peak
appearing around 3.31 eV has been observed in ZnO nanostructures [141, 142]. Such emission
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band was also observed in undoped bulk samples as well as thin films intentionally doped with the
group V elements [141,143,144]. From a detailed study conducted on undoped ZnO films, Schirra
et al. determined that this emission line is due to the transition of a free conduction band electron
to a hole bound to a neutral acceptor state (FA) and emitted exclusively from stacking faults in
which the acceptors reside [145]. The L:ZnO particle samples have different crystal orientation
and they could also have structural defects and dislocations incorporated during the synthesis of
the materials. However, the origin of the 3.31 eV band in ZnO is still in debate. The emission peak
is also interpreted to arise from several different origins including surface effects, optical phonon
replica of the FX or to the presence of acceptor impurities such as a donor acceptor pair, a free to
bound transition or an exciton bound to a defect, etc [146–148].
Figure 4.28 shows the temperature dependent PL spectra of L:ZnO nanoparticles. The temperature was increased from 10 to 200 K. Band edge emission peaks are redshifted with increasing
temperature as expected whereas the DAP emission peak does not change with temperature. The
emission efficiency quickly decreases with increasing temperature. This could be due to strong
thermal quenching because of the powder nature of the sample. Band edge emission peaks are
less pronounced at higher temperature. At high temperature exciton emissions are less distinct
and merged into the broad dominant FA emission peak. This is consistent with the reduced optical bandgap observed at room temperature in the absorption spectroscopy. From our PL emission
peaks observed at low temperature, we have constructed an energy level diagram which is shown
in Fig. 4.29. Based on the FX emission peak, the energy bandgap is taken as ∼ 3.43 eV. Based on
the DºX emission, there is a shallow donor level about 75 meV below the conduction band edge.
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Figure 4.28: Temperature dependent PL spectra of L:ZnO nanoparticles.
The energy of FA transition is given by

EFA = Eg − EA + 1/2kB T

(4.4)

where Eg and EA are the band gap and acceptor energies, respectively, measured from the top of
the valence band and the term (1/2kB T)is the thermal energy.
Based on this relation, the acceptor level is ∼ 0.11 eV above the valence band. Based on
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Figure 4.29: Schematic energy level diagram (not in scale) and the PL emission transitions for
L:ZnO nanoparticles.
the observed DAP emission peak there should be a deep donor level around 2.40 eV above the
acceptor level. From the elevated temperature dependent Hall effect measurements of P- and Asdoped ZnO it was found that ZnO has a deep donor level around 0.8 eV below the conduction band.
The deep donor could be related to oxygen vacancy (VO ). Although (VO ) was previously thought
to be a shallow donor responsible for n-type conductivity in ZnO, recent theoretical calculations
performed on defects of ZnO showed that (VO ) is a deep donor [76, 149, 150]. Based on these
calculations, the ε(2+/0) transition level of (VO ) has been found to be in the range of ∼ 0.6 – 1 eV
below the conduction band. Thus, the dominant emission peak around 2.4 eV due to DAP transition
is related to the electronic transition from the deep donor around 0.9 eV below the conduction to
the acceptor level about 0.11 eV above the valence band. We did not observe another possible DAP
transition from the shallow donor level to the acceptor which normally occurs around 3.21 eV in
ZnO [151]. Presence of deep donor level could have made the electronic transition from the deep
donor to the acceptor more preferred. Observation of dominant DAP emission is the indication of
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the presence of deep donor defects in the materials. PL characterization can be used to optimize
the material synthesis process to eliminate deep donors such as oxygen vacancy to improve the
materials quality.
To summarize, we demonstrated a simple method of synthesizing ZnO nanoparticles using
lysozyme. The samples were characterized by XRD, SEM and absorption spectroscopy at room
temperature for structural, morphological and optical properties. We employed a deep UV PL
spectroscopy at low temperature (15 K) to study the optical transitions in L:ZnO particles by performing power dependent and temperature dependent PL measurements. From the excitation laser
power dependent PL measurements, we observed the band edge emission at 3.318, 3.359, and
3.374 eV due to FA, DºX and FX, respectively. A dominant emission peak around 2.40 eV is
confirmed to be a donor pair acceptor (DAP) from the power dependent experiment. Based on
the optical transitions, we constructed energy level diagram for L:ZnO particles which reveals a
shallow donor level related to DºX, a deep acceptor level related to FA transition. There is also a
deep donor levels about 0.9 eV below the conduction band and the DAP transition is assigned due
to the electronic transition from the deep donor level to the acceptor level.
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Observation of bandgap renormalization in mesoscopic zinc
oxide particles

We discussed the investiagation from mesoscopic ZnO particles. These were powder samples
of 99.99% purchased from a commercial vendor, Alfa Aesar. The ZnO powder samples were
annealed in an oven at 650 °C for 2 hours before peforming characterization. We have reported
optical properties of mesoscopic ZnO particles by employing a deep UV PL spectroscopy. The
samples were also characterized by X-ray diffraction (XRD) and scanning electron microscopy
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Figure 4.30: Room temperature XRD pattern of ZnO particles. Inset: An SEM image of the ZnO
particle sample. Scale bar of the SEM image is 500 nm.

The samples were characterized by employing XRD and SEM for structural properties. Rigaku
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MiniFlex 600 diffractometer with the Cu Kα radiation (λ = 1.54 Å) was used for XRD pattern.
A Helios SEM was used to image the samples with accelerating voltage of 5 KV and 4.14 mm
working distance (WD). Before taking SEM images of the samples, very thin (<10 nm) gold layer
was coated to reduce the charging effect.
Figure 4.30 shows the XRD pattern of the ZnO sample. Very narrow XRD peaks from several
crystallographic planes are observed. These peaks match with XRD pattern of ZnO powders [138].
The dominant intensities in the XRD pattern are from (101) and (100) planes. Sharp peaks indicate good crystalline quality of the material. Inset of figure 4.30 shows the SEM image of the
sample with the scale bar of 500 nm. The SEM image revealed that the ZnO particles are not
spherical or uniform shape. They are irregular and some of them look like a rod shaped. The
particle size is around 100 nm or more, so nanoparticle effect such as quantum confinement of
excitons is not expected.
Figure 4.31 shows the excitation laser power dependent PL spectra of the ZnO particles measured at 15 K by changing average power of the excitation laser from 5 to 80 mW. We first discuss
the PL spectrum measured with excitation power of 5 mW which is the lowest curve in figure 4.31.
The PL spectrum has a dominant emission peak around 3.308 eV along with band edge emission
peaks around 3.375 and 3.362 eV. Before the PL measurements, the sample was annealed at 650 °C
for two hours. We also performed low temperature PL measurements on the ZnO particle samples
without annealing. The PL intensity was slightly smaller and the band edge emissions were not as
pronounced compared to the sample with annealing. As expected, we did not see a confinement
effect in the PL emissions due to the large particle size. The PL emission peaks are similar to that
of thin films or bulk samples. We have assigned the emission peaks for the PL spectrum measured
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at 15 K with the excitation laser power about 5 mW as discussed below.

T = 15 K
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Figure 4.31: Power dependent PL spectra of the annealed ZnO particles measured at 15 K. Excitation laser power was varied from 5 to 80 mW. Inset: A close-up view of the PL spectra in the
energy range from 3.32 to 3.40 eV.

For the band edge emissions, the peaks at 3.375 and 3.362 eV are assigned to the free excition
(FX) and the exciton bound to neutral donor (DºX) transitions, respectively [77,152]. The presence
of FX indicates good quality materials which also correlate with the XRD result. From the emission
peak of the FX observed at 3.375 eV and taking the binding energy of the free exciton as 60 meV,
the energy bandgap comes as 3.435 eV at 15 K which is consistent with the literature values
reported for ZnO [153][23]. The transition energy of Dº X is the energy of free exciton minus
the energy with which the exciton is bound to the donor. The energy difference of FX and DºX
gives an estimate of binding energy of DºX. Observation of the DºX transition indicates that the
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sample could be slightly n-type. In the literature, the emission line due to a bound exciton that
appears at 3.3628 eV at cryogenic temperatures is labeled as I4 and the donor responsible for
this line is identified to be H, with a binding energy of 46.1 meV and localization energy of 13.1
meV [77]. The first-principles calculations showed that interstitial hydrogen acts as a shallow
donor in ZnO [154, 155]. Such intentional donors could be incorporated during the synthesis of
the materials.
As clearly depicted from the plots, the dominant emission band in the PL spectrum has peak at
3.308 eV. We have assigned the emission to the recombination of free conduction band electrons
and holes bound to a neutral acceptor state (FA). We also observed LO phonon replicas of the
FA transition with peaks at 3.236, 3.164 and 3.092 eV which are separated by ∼72 meV, the LO
phonon energy in ZnO [77]. Based on the FA transition peak and bandgap energies, the acceptor
level is about 126 meV above the valence band. The dominant emission band with a peak appearing
around 3.31 eV has been observed in ZnO nanostructures [141, 142]. Such emission band was
also observed in undoped bulk samples as well as thin films intentionally doped with the group
V elements [13, 141, 144]. However, the origin of the 3.31 eV band in ZnO is still in debate.
The emission peak has been interpreted to arise from several different origins including surface
effects, optical phonon replica of the FX or to the presence of acceptor impurities such as a donor
acceptor pair, a free to bound transition or an exciton bound to a defect, etc [146–148, 156]. From
a detailed study conducted on undoped ZnO films, Schirra et al. determined that this emission line
is due to the transition of a free conduction band electron to a hole bound to a neutral acceptor
state (FA) and emitted exclusively from stacking faults in which the acceptors reside [156]. The
powder samples have different crystal orientation and they could also have structural defects and
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dislocations incorporated during the synthesis of the materials. There is also a weak emission
peak around 3.21 eV which we assigned to the Donor-Accepter-pair (DAP) transition. The donor
of the DAP is related to the shallow donor responsible for the DºX and the acceptor is the deep
acceptor responsible for the FA transition. This assignment is consistent with the energy of the
DAP emission peak observed. Results from the excitation power dependent PL measurements at
15 K by varying the power of the excitation laser from 5 to 80 mW confirm our assignments of
the emissions peaks. It is obvious from the PL spectra that the peak positions of FA transitions at
3.308 eV and its phonon replica are independent of the excitation power of the laser, indicating a
band related transition whereas the peak at 3.21 eV shifts to the higher energy side with increasing
laser power. The blueshift of the 3.21 eV peak with increasing excitation power confirms the
transition to be a DAP type which was also identified by other researchers [151, 152]. As seen
in the PL results, the DAP peak became less pronounced with increasing excitation power and
almost disappeared at high excitation power of about 80 mW. Note that more excess electrons and
holes are created by increasing the excitation power. While the FA and DAP emissions are due to
competing transition processes to the same final state, it appears that an FA transition is preferred
route for the transition. Lifetimes of DAP transitions are normally longer than that of band related
transitions. Therefore, the FA transition is enhanced as evident from the increased intensity of the
FA emission peak. This also reduces the probability of DAP transition as it has the same final
state. The band edge emissions due to FX and DºX transitions behaved differently in the power
dependent PL experiments. Both FX and DºX peaks are red shifted with increasing excitation
laser power indicating the bandgap renormalization. Inset of figure 4.31 shows the replotted PL
spectra in the energy range from 3.32 to 3.40 eV. It is interesting to note that both the FX and
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DºX peaks are shifted monotonically by about the same magnitude with increasing the excitation
laser power. For instance, these peaks have shifted by around 7 meV when the average excitation
power of the laser is increased from 5 to 80 mW. The power dependent PL results also show that
the emission intensity of the DºX peak did not increase at the same rate as compared to FA and
FX with increasing excitation laser power. The FX emission intensity is enhanced by bandgap
renormalization. It is clearly observed in the PL spectrum for laser power of 80 mW that the
emission intensity of FX is higher than that of DºX whereas the intensity of DºX is higher that FX
for the laser power of 5 mW. This suggests that the number of excitons bound to donor is saturated
and only FX and FA are enhanced with increasing excitation power. There is also a small shoulder
appeared in the higher energy side around 3.387 eV with high excitation power. The emission peak
is about 12 meV above FX. We assign this peak to a B-exciton. In the electronic structure of the
valence band of ZnO, the A-band and the B-band are separated by ∼ 12.7 meV which consistent
with the observed peak [157].
With increasing excitation laser power, more free electron and holes are generated. Increased
number of free carriers can have several effects such as formation of more excitons, screening of
excitons (both free and bound excitons), and many-body effects which can affect the transition
energies. Furthermore, the increased excitation laser power might generate local heat as well. The
decrease of exciton transition energies could be simply due to a local heating effect. In order to
address these possibilities, we performed temperature dependent PL measurements with high and
low excitation laser powers. Figure 4.32 shows the temperature dependent PL measurements with
excitation power (a) ∼ 70 mW and (b) ∼ 10 mW. The temperature was varied from 15 to 250 K.
For both excitation laser powers, the peak positions for FA, Dº X and FX decrease with increasing
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Figure 4.32: Temperature dependent PL spectra of the ZnO particles for temperatures between 15
and 250 K with excitation laser power (a) 70 mW and (b) 10 mW.
temperature. The peaks related to excitons are less distinct for the temperatures above 100 K.
This could be due to strong thermal quenching because of the powder nature of the sample. It
is important to recall that in the power dependent PL measurement, the peak position of the FA
transition did not shift whereas in the temperature dependent PL measurement it changed in the
same manner as the peak positions of FX and Dº X transitions. Based on this result, we conclude
that the redshift of the FX and Dº X peaks with increasing excitation power is not due to a heating
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effect. It is important to note that the excitation laser is a pulsed laser with a pulse width of about
100 fs with repetition rate of 76 MHz, which can greatly reduce the local heating effect in the
sample. Huge bandgap renormalizations have been observed in ZnO and GaN when the materials
are excited by very high-density excitation [158–160]. In some experiments, a pump-probe method
was used for high excitation. The bandgap redshifts of about 180 meV in GaN and 350 meV in
ZnO were observed. It is believed that the huge bandgap renormalization is due to the formation of
electron-hole plasma (EHP). In a study of exciton and EHP formation dynamics in ZnO, it is found
that EHP decays very rapidly (∼ 1.5 ps) through Auger annihilation above Mott density [161].
Mott density in ZnO is ∼ 1020 cm−3 . Since we did not see such a huge shift in our experiment, we
are not in the EHP regime. But the screening of excitons due to excess carriers, and many-body
effect of exciton, free electron, free hole and donors are very likely to occur in the sample following
the optical excitation by a short pulse laser. Reynolds et al. observed similar redshift of band edge
transitions in ZnO bulk sample in the PL measurements excited simultaneously with a He-Cd laser
and Ar+ ion laser at 2 K. Ar+ laser (514.5 nm) was used to increase free electrons or holes [162].
They showed that the shift is the resultant of the blueshift due to screening by increased free
electrons by Ar+ ion laser and the redshift due to many-body effects. In our experiment, both
electrons and holes were excited by the femtosecond short pulses of excitation laser of wavelength
∼ 260 nm. The FX and DºX peaks are shifted by almost the same magnitude and their separation
remained almost the same. Thus, the effect of screening could be the same on both DºX and FX.
Reynolds et al. also calculated and showed that the screening effect is weak in ZnO compared to
GaN. Thus, the redshift of the FX and DºX peaks with increasing excitation laser power could be
mainly caused by a many body effect of excitons, free electrons and holes. The valence band is
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shifted in a many-body effect that is also consistent with the stable FA peak in the excitation laser
power dependent PL measurement.
To better understand the bandgap renormalization in ZnO, we have fitted our results with the
theoretical model developed by Vashistha and Kalia for the bandgap renormalization in Si, Ge and
GaAs [163]. When the carrier density is large, this model considers the exciton is not stable. The
exchange energy and correlation energy lead to the bandgap renormalization. The sum of exchange
and correlation energies Exc is given by

Exc =

a + brs
c + drs + rs 2

(4.5)

where a, b, c and d are parameters, and rs is the dimensionless radius defined as
1
4π 3
rs =
3
naB 3

(4.6)

In this equation, n is the concentration of electron-hole pairs and aB is the excitonic Bohr radius.
Based on the binding energy of a free exciton, aB in ZnO is estimated to be ∼ 13.5 Å. We estimated
the concentration of photo-generated electron-hole pairs by using the following equation, assuming
that every photon creates one electron-hole pair

n=

Iexc τ
hνl

(4.7)

where, Iexc and hν are photon intensity and energy of the excitation laser, respectively. τ is the life
time of the excited electron-hole pairs which is about 100 ps [164], and l is the penetration depth
which is ∼ 50 nm for excitation wavelength of 266 nm [165]. We used the laser spot size of 1

CHAPTER 4. RESULTS AND DISCUSSION

96

mm2 and laser pulse width of 100 fs in the calculations. With these values and assumptions, the
concentration of photo-generated electron-hole pair is about 1.7 x 1018 cm−3 for the average laser
power of 5 mW. Although our estimation could have error due to the assumption made and the
precision of spot size of laser, the carrier density is below Mott density even for the highest laser
power used.
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Figure 4.33: The energy shift of FX peak as a function of the dimensionless radius, rs corresponding to different laser power. The data points are fitted for the shift of FX peaks to Vashishta, and
Kalia model using Eq. 4.6

The data points in figure 4.33 show the shift of FX emission peaks, E, versus rs corresponding
to the different excitation powers. We fitted the data points with Eq. 4.6. The data fits well with
the equation given by Vashistha and Kalia model resulting the fitting parameters a = 0.47, b = 0.12,
c = -143, and d = 120. The data shows the clear trend predicted by the model. The absolute values
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of the bandgap renormalization observed in II-VI compounds were shown to be larger than the
theoretical values [166]. More theoretical consideration might be made in the wide bandgap ionic
structures.
To summarize, we studied optical properties of mesoscopic ZnO particles using a deep UV
photoluminescence spectroscopy with a femtosecond pulsed laser of wavelength, λ ∼260 nm for
optical excitation. From the power dependent PL measurements at low temperature, we observed
redshifts of FX and DºX peaks with increasing excitation laser power showing the bandgap renormalization effect. The FX emission is enhanced due the bandgap renormalization. Temperature
dependent PL measurements were also performed to explore the bandgap renormalization effect.
The bandgap renormalization could be caused by a many-body effect and screening of excitons by
free electrons and holes. The trend of our experimental data fits well with the theoretical model
given by Vashishta, and Kalia.

Chapter 5
General conclusions and future work
We studied the structural and optical properties of different wide bandgap materials, h-BN and
ZnO. We have used deep UV PL spectroscopy, XPS and different imaging techniques. The purpose
of this chapter is to sum-up the main results observed during the investigation and possible outlook
that might be opened from this work.
For bulk hBN, we have investigated the optical properties of annealed samples. They were
grown by Ni-Cr flux method. In addition to band edge emission peaks at 5.78 and 5.89 eV, the PL
spectrum of the annealed sample consists of the sharp atomic-like emission line at 4.09 eV along
with its phonon replicas. This sharp atomic-like line, in the middle of the band gap of h-BN had
been previously attributed to the presence of oxygen. Indeed, it is not yet clear about the cause of
this emission. From the XPS measurement, we observed that the B-C and N-C bonding peaks in
the core-level region of B 1s and N 1s confirm that both CN and CB are present in these samples and
possibly the cause of the 4.09 eV emission. Thus, we have determined that carbon related defect,
possibly carbon dimer by imaging and chemical analysis. Also, we have characterized hBN crystal
powder to study the effect of annealing in its optical properties. We observed similar atomic-like
98

CHAPTER 5. GENERAL CONCLUSIONS AND FUTURE WORK

99

emission peaks at 4.10 and 4.12 eV in samples annealed above 700 ºC.
Next, we studied the optical properties of lysozyme mediated Zinc oxide nanoparticles prepared by sol-gel method. Emissions observed in PL spectrum were used to construct energy level
diagram for L:ZnO particles. Hence, we were able to reveal shallow donor level related to DºX,
deep donor level and a deep acceptor level related to FA transition. We have also investigated the
optical properties of mesoscopic ZnO particles. From the power and temperature dependent PL
measurement of these samples, we observed the band gap renormalization effect possibly due to
many body effect and screening of excitons by free electrons and holes. The fitting of the band
edge emission dataset follows the theoretical model by Vashista and Kalia.

Future direction:
We investigated that middle bandgap emission (4.1eV) from bulk h-BN are due to the generic
or impurity related defects. We discussed and analyzed this emission line based on the linewidth in
PL spectrum. UV quantum emitters in crystals are usually characterized by an interferometer. The
quantum charactering tool Handburry Brown and Twiss (HBT) intensity interferometer should
be used in order to investigate this emission. Antibunching dip in the second order correlation
function (g(2) (τ)) measurement) should show the presence of UV single photon source. Since,
the emission line is in the deep UV region, all optics in the system must be UV compatible. This
atomic like feature could have potential applications in the solid-state single photon source for
quantum information technologies.
We should perform the time-resolved measurement of this luminescence in order to utilize this
material as stable source in optical devices. We could install streak camera as a detector in spec-

CHAPTER 5. GENERAL CONCLUSIONS AND FUTURE WORK

100

trometer for time resolved PL measurements. This system (TRPL) measures the recombination
life-time of any transition peaks appearing in the PL spectrum. The time resolved PL methods can
provide the valuable information about excitonic transitions.
From the preliminary result from XPS measurement, oxygen and carbon are the major impurities in bulk h-BN samples. So we should plan to carry out doping the samples by oxygen and
carbon, then we should study the comparative distinction due to the effect of doping in the samples. Identifying and understanding the properties of residual impurities would be very useful for
practical device applications.
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